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PROBLEM STATUS

This is the fifteenth progress report covering

the work of the participants in the Hypervelocity Kill

Mechanisms Program. Work on this problem is con-

tinuing.

Authorization
NRL Problem No. F04-11

ARPA Order No. 149-60 - Amendments 1 thru 7
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SLMMARY
W' W. Atkins -M. A. Persechino
U: S. Naval Research Laboratory

INTRODUCTION

Progress Report No. 15' is a semiannual technical
progress report covering the Work of the participants
in the Hypervelocity Kill Mechanisms Program for the
period beginning 30 September 19637to 31. arch 1964.
PR;ýprts covering *tbe work comp1~ted during and prior
to this reporting period are listed in Section Y.

The work of this program has involved comprehensive
studies designed to evaluate the feasibility of defeating
the mission of an intercontinental ballistic missile by
fragment impact and/or by spbsequent re-entry heating
effects. These effects include: direct kill by impact,
extent of aggravation 'or increase in damage causedby
aerothermal effects on an R/V during re-entry, aerodynamic
instability of nose cones caused by damage to the heat
shicld and structure, impact and thermal damage to internal
components and warheads, and perturbations on the perform-
ance of ICBM booster vehicles. The HK1 Program is divided
into the following four phases of work:

1. Impact Damn=. Initially BRL, NRL, AVCO and the
Canadian Armsment Research &-id Development Establishment
were selected to study the effects of hypervelocity impacts
on re-entry body materials and structures. Aerojet-
General was selected to study the impact effects on pro-
pulsion systems. The work of Aeroiet has been completed and
the final report has been distributed. The impact work per-
formed by AVCO has also been completed and a final report
was included in Progreso Report No. 13. The work completed
by CARDE was reported in Progress Report No. 11. BRL is
preparing a final report fortheir work on impacts into
ablative structures. Only NRL is presently engaged in im-
pact work for the HKM PrOgra"..

2. Agrotherafl. In the early stages of the program,
AVCO performed a multitude of experiments on czatered heat
shield materials using rocket arn-Mllt -- r 1 1,BM- 4-t f4Ciliti-c
in order to deteriinne' the thermodynamic effects' on a damaged

•vehicle during r'e-entry-. *n the later 'stages of the program,
punctured vehicles (vented and unvented) were analyzed. GE
and AVCO performed analytical and experimental studies on

SECRET
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"SUYmARY

W. W. Atkins -. M'. A. Persechino
SU.S. Naval Research Laboratory

INTRODUCTION

Progress Report No. j5 is a semiannual technical
progress report covering the work of the participants
in the Hypervelocity Kill Mechanisms Program for the
period beginning 30 September 1963. to 31, March 1964.
R _..orts covering the• work completed dtring and prior
to this reporting period are listed in Section Y.

The work of this' program has involved comprehensive
studies designed to evaluate the feasibility of defeating
the mission of an intercontinental ballistic missile by
fragment impact and/or by subsequent re-entry heating
effects. These effects include: direct kill by impact,
extent of aggravation or increase in damage caused'by
aerothermal effects on an R/V during re-entry, aerodynamic
instability of nose cones caused by damage to the heat
shield and structure, impact and thermal damage to internal
components and warheads, and perturbations on the perform-
ance of ICBM booster vehicles. The HKM Program is divided
into the following four phases of work:

1. Impact Damage. Initially BRL, NRL, AVCO and the
Canadian Armament Research and Development Establishment
were selected to study the effects of hypervelocity impacts
on re-entry body materials and structures. Aerojet-
General was selected to study the impact effects on pro-
pulsion systems. The work of Aerolet has been completed andthe final report has been distributed. The impact work per-
formed by AVCO has also beent completed and a final report
was included in Progress Report No. 13. The work completed
by CARDE was reported in Progress Report No. 11. BRL is
preparing a final report for their work on impacts into
ablative structures. Only NRL fs presently engaged in im-
pact work for the HKM Program.

2. Aerothermal. In the early stages of the program,
AVCO perton m-----l-titude of experiments on cratered heat
shield materials using rocket exhiaust and plasma jet fecilities
in order to deter~4r the thermodyamic effects' on a damaged
vehicle during re-entry. In the later stages of the program,
punctured vehicles (vented and unvented) were analyzed. GE
and AVCO performed analytical and experimental studies on

"I SECRET
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coupled and uncoupled flows, jet impingement, jet diffusion,
and the determination of orifice coefficients for perforated
re-entry vehicles. GE conducted an analytical study to deter-
mine the aerodynamic effects on a damaged vehicle during re-
entry (the aeroballistic ranges and the wind tunnels of NOL
and AEDC were utilized to provide experimental data). An
effective kill mechanism did not evolve from these studies.
Duriig the latter part of the second year's effort ARAP was
added to the participants in the aerothermal work and, at
this time, a strong fundamental research effort on internal
heating was established to determine a rationale for coupled
and uncoupled flows,, impinging jets, and wall jets. A flight
test pr•.ram employing e NASA propulsion and recovery system
has been completed and the details of this program are described
in Item 21 in the list of reports. These tests provided both
external and internal heating data under actual and simulated
environmental conditions.

3. Vehicle Vulnergbilitv. The vulnerability work
initially conducted to dteriine the vulnerability of re-entry
body, warhead, and associated arming and fuzing components
by BRL and Picatinny Arsenal have been terminated. A final
report on the vulnerability of nuclear warheads to aero-
thermal effects has been prepared by Picatinny Arsenal and
distributed (See Item 22, Section Y).

Aerojet-General, under the technical management of
the Weapons Laboratories, Detachment 4, ASD, Eglin AFB has
completed the investigations to determine the vulnerability
to fragment impact of both liquid and solid rocket propulsion
systems. An analysis of the vulnerability of both the United
States and other vehicles is included in the Aerojet final
report (See Items 24, 25 and 26).

4..Intelligence. The intelligence phase of the work was
designed to provide information and guide lines for the work
performed in the other phases of the HKM Program. A report
entitled "Soviet ICBM Re-Entry Body Study"has ibeen prepared
by Raytheon. This report provides a description of the
Soviet ICBM based on early Soviet missile tests in the Pacific
(See Item 1). Additional intelligence data are described in
SectLoIL T of previous HKM Progress Reports.

PROGRESS

The work described below is a summary of the technical
progress in the remaining phases of the HKM program for the
period ending 31 March 1964.
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1. Impact Damage Phae,

The investigation by the Ballistic Research
Laboratories of impact damage to composite targets utilizing
aluminum jet pellets fired from an inhibited Jet charge is
under completion and a final report describing this work is
expected by the end of the next reporting period. No report
for this reporting period has been received and consequently
is omitted from the text of this report.

The impact work conducted by NRL is reported in
Section B and includes studies of: the effect of projectile

.,tty and angle %f impact on ablLtive hole size, the
minimum energy required for the perforation of flat-plate
and conical structures, and impact damage to foam-filled en-
closures (See Section B9). The projectiles used in these
studies were nylon, aluminum, steel and uranium spheres.

Damage effectiveness of dense projectiles fired at
low impact angles (H0) appear to be much superior to the
lighter projectiles, as indicated by the penetration results
obtained with uranium projectiles. The maximum penetration
capability of residual spall material was determined by
measuring the maximum depth of penetration into aluminum
witness plates and vwas. plotted as a function of velocity.

* 'These results indicate that, for aluminum and steel spheres,
the maximum depth of the spall particle penetrations decrease
as the velocity increases, for velocities greater then 5
km/sec.

Of the metallic projectiles, the more dense pro-
jectiles produced the deepest spall penetrations and the
smallest hole sizes in the ablatives.

A HypervelocLty impacts into ablativ, targets backed

by enclosures filled with polyurethane foam gave a measure
of the effectiveness of these materials for preventing
residual or spall damage. The ef_=ctiveness for preventing
spall damageincreased as the foam density was increased.

Comparison with normal angle impacts of the hole
sizes in the ablatives made with firings at impact angles
between 45@ and 70 indicate very strongly that larger per-
foration diameters are obtained with the angle ohots.

More data are to be obtained for thin ablative com-
!!' posite targets with ablative thickness to projectile dia-
4 meter ratios (t/d values) between 0.5 and 1.0. These data
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will be compared with existing hole-size correlations for
t/d values between 1 and 4. An experimental-theoretical
study is planned for determining a physical basis for scaling
projectile and target parameters and for estimating the spall
energy resulting from hypervelocity impact into composite
structures.

2. Aerothermal Phase

In the early phases of the HKM Program, a series of
wind tunnel tests were performed in the Naval Ordnance
Laboratory Hypersonic Wind Tunnel No. 4 to investigate aero-dynamic -tability on -d:-red re-entry vehicle. Static

:Atability coefficients of pitch, yaw, and roll were obtained
at a Mach number of ten on .04783 scale models of a Mark
3 R/V. The impact damage on the models were simulated by
removing portions of the nose and flare sections of the model,
causing configurational assymetry. Performance data obtained
with these models are included in the section of the body of
this report designated as NOLTR 61-84. These results were
used to supplement the previously reported analytical program
conducted by the General Electric Company to determine the
effect on the R/V trajectory of small hypervelocity fragment
impact.

During this reporting period, Aeronautica; Research
Associates of Princeton and GE have continued internal heating
and structural studies needed to develop the technology for
assessing the potential of theroal kill of a perforated re-
entry body. Because of contract renewal difficulties the
work by'AVCO was temporarily delayed and no report was avail-
able for this period. Previous phases of the AVCO studies
have dealt with the flow #nd heat transfer of an expanding
jet on the walls of an enilosure. In the next reporting
period the concentrationjwill be on the details of the jet
mixing process. This investigation will e~tend the theo-
retical and experimental investigations of turbulent com-
pressible jets which had been previously conducted within a
limited range of Mach numbers and initial jet stagnation
temperature to ambient temperature ratios. The AVCO investi-
gation will include higher teLmerature ratios. With these
results the ebility of this analysis to predict jet mixing
processes in thv high temperature region will be determined.
An important consequence of the test results or the ARAP and
GE work conducted during this period was the increased effort
directed toward understanding the mechanisms of coupled flow
phenomena. It has been shown experimentally and analytically

4 SECRET
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that the heat flux entering the interior of a punctured vehicle

under coupled conditions (A/V 2s>O0. 05) cen be many times greater
than that for uncoupled conditions (A/V d•'< 0.01) where A is
the area of the hole and V is the internal volume of the per-
forated vehicle. A flow mechanism, which can be shown to ac-
count for heat fluxes of the magnitudes observed in the ex-
perimental test facilities has been developed and verified
experimentally by means of heat flux mapping and flow visuali-
zadtn techn4ques. Details of this mechanism which involves a
combination of free shear layer and jet impingement effects are
discussed in Section L.

'.ka Section H, Lests Qonducted in AEDC Tunnel C at Mach 20
and in the Malta Rocket Exhaust Facility at Mach 3 are reported.
The internal heating from these two series of tests conducted
in widely different environments correlated well with turbulent
shear layer theory.

During the past six months the problem of possible counter-
measure against thermal kill was investigated and is also re-
ported in Section H.' Lightweight urethane foam was used to
fill the internal volume of the model R/V, and the "effective
heat of ablationd' was used to determine the performance of the
foam. Additional studies are planned in order to develop a
better understanding of the heat protection characteristics of
lightweight foams in vehicles perforated by damage from hyper-
velocity impact. Various types of foam-filled models will be
tested in the OE-RSD 5-megawatt Air Arc and the Malta Rocket
Exhaust Facilitied.

A correlation of AEDC and Malta Internal Heating Data for
single perforations and no venting was applied to the C-1
target vehicle (a slender shaped-cone vehicle with a ballistic
coefficient of 3000 lb/ft). Generalized results were obtained
for the value of A/V O/ required to cause thermal kill of
representative types of vehicle structures having the above
geometry and a re-entry velocity of 25,000 ft/sec.

Use of the correlation of hole-size and fragment mass
from impact data reported by NRL demonstrated the extreme
sensitivity of lethal fragment mass to the size of the vehicle
under attack (see pages H-37 thru H39)

Comparisons of characteristics of the flow through
wachined orifices and those produced by hypervelocity impact
into ablative structures were made in a test program performed

SERE
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in AEDC Tunnel D. The mass flow rates were predictable by
a viscous modification to inviscide expansion theory.
Pressure surveys of the supersonic internal jets formed from
tangential approach flow revealed the two-dimensional decay
characteristic of the jets. The existence of two general
types of internal jets, depending on the orifice pressure
ratio, were disclosed by oil film photographs. See pages
H-40 to H-58 for orifice flow tests and results.

The present investigation oni structural type damage
by GE is primarily concerned with the effects of openings
caused by impact or local melting subsequent to impact. The
effects 0o', large openings i the load bapability of cylinders
subjected to axial and bending loads 4re being studies in
support of an analytical technique for predicting these
effects. Computational techniques will be applied to hardened
and unhardened ICBM re-entry vehicle designs, and formu-
lation of thermal analysis techniques and structural failure
criteria will begin.

6I
I
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SUMMARY

During this period the effect of projectile density on
ablative bole size and minimum perforation requirements was
examined. The projectiles were uraAium (with 8.5 7. Mo.),
steel alminm and nylon. The projectile masses ranged from
1 to 10-Sm. The angle of impact was varied from 90" to 10*.
All projectiles were saboted and the velocities varied from
2.5 to 7.8 km/sec with the major portion of data in the 6 to
7 km/sec range. The ablative targets were composite made
from 1/2-inch and 1-inch thick astrolite and phenolic nylon
flt plates, nose cone models, and flat-plate ablative
etructures in direct contact with polyurethane foam.

Experiments were designed to determine the effect of
projectile density by impacting similar targets with
different density spheres of the sane mass and velocity. The
depths of the rear spall penetration into aluminum witness
blocks behind the targets showed that the spall penetration
is greater for the impacts associated with higher density
projectiles. The results also showL the greater penetration
and perforation capability of dense projectiles, such as
urefriiu particularly when Impacting at low angles e.g. 10*.

B 
SECRET
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INTRODUCTION~

The object of this work is to determine the impact results
on ablative materials and re-entry vehicle structures from
hypervelocity impact with compact projectiles of various
densities. Awilytical means are used to explain the experimental
results and to cQrrelate significant parameters so that accurate
and reliable impact predictions can be made. Empirical relation-
ships have been established for penetration, minimum perforation
and complete perforation of various composite materials used in
missile structures. The majority of the impact experiments are
accomplished using targets which closely approximate the outer
struct•uir of actual vehicl'es A limited number of impacts are
made into vetual vehicle sections.

PROGRESS

Composite targets with ablative thicknesses .of.O.5 to
1 inch were impacted with uranium, steel, aluminum and nylon
spheres withimessea of 1 to 10 gramand velocities ranging from
2.5 to 7.8 ki/see with the major portion of firings-.in the 6
to 7 kWsec range. The target materials were astrolite and
phenolic nylon bonded to steel, aluminum and magnesium in.con-
figuratios- of flat plates, nose cone models, and flat.plate
ablative structures In direct contact with foam blockW. The
sabotedprojectiles impacted the targets at angles ranging fromloll to W.°

The experiments were designed to determine the effect of
projectile density on ablative hole size and minunum perforation.
Similar targets were impacted with two-grameuranium,, steel,
aluminum and nylon spheres at two different velocities of about
5.2 and 7 km/sec. Minimum perforation was examined down to a
10" angle of obliquity using both uranium and steel spheres.
Hose cone model impact results were compared to flat plpte
target results for similar impact "onditions. Polyurethane
foam with densities of 3.1 and 7 lb/ft3 was examined for de-
termining its effectiveness in stopping the rear spall resulting
from aluminum sphere impacts.

The effective hole diamo.teru in the ablative materials were

calculated from areas measured with a polar plinimeter. The
data for all the firings ate summarized in Table A and photo-
graphs of the targets are shown in Appendix A. The bonmd

etween the ablative and metal back-up was approximately 1/16-
inch of rubber unless otherwise-noted, The ablative thicknesses

B2
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are accurate to + 1/32-inch. The uranium projectiles were
made from 91.5% 6f depleted uranium and 8.5% of molybdenum for
mechaniqal strength, giving an overall density of 17.4 gm/cc.

M F CT OF PROJECTILE SIZE AND DENSITY

In order to detormine the effects of projectile density and
size qn the ablative perforation diameter D and rear spall
energy, four different density and size prolectiles of the same
mass, were impacted normally (90*) into the same type of target
at velocities of 5 and 7 km/sec. The targets consisted of
0.5-inch laminated phenolic-refrasil bonded to 0.125-inch

Sa iuain. (2024-T3) with -, 0.062-inch rubber bond and epoxy
adhesive. The two-gram spherical projectiles consisted ok uranium
(with 8.5% Mo.), steel, aluminum and nylon and impacted the targetsI with trajectories normal (90*) to the ablative surface at energy

E equal to approximately 25 mad 50 kj. The uranium projectile
was fired only at the lower velocity, s 5 km/sec. The ratios of
the ablative thickness t to projectile diameter d were 2.16,
1.6, 1.14, 0.34 for the uranium, steel, aluminum and nylon
spheres respectively. The rear spall was captured by an
8" x 8" x 4" 10OF aluminum witness block with the face of the
block aligned parallel to the rear of the aluminum back-up and
*pacei four inches away. Pertinent information is sumnarized
below in Table I and a more complete description is Siven'in
Table A and the photographs of A4pendix A.

TABLE ITAact Characteristics in Ablative Structures
Projectile Velocity o 5 ku/sec
Round No. Projectile t/d DA DA/d E P Velocity

_____ Material 4-J (cm &A Ltl a/ eL
4-940 Uranium 2.16 4.6 7.81 24.75 1.28 5.13
4-939 Steel 1.60 4.9 6.13 27.10 0.96 5.20
4-947 Aluminum 1.14 5.3 4.77 23.90 0.62 4.904-959 Nylon 0.84 5.1 3.38 25.90 0.29 5.00

Projectile Velocity • 7 km/sec
1-1-98 Steel 1.60 5.10 6.40 56.80 0.90 7.5
1-1-99 Aluminum 1.14 6.00 5.41 58.40 0.37 7.7
4-954 lylo 0.84 6.50 4.30 47.00 0.47 6.8
4-960 Nylon 0.84 6.25 4.14 46.34 0.61 6.7
4-956 N7lon 0.84 6.60 4.37 42.68 0.49 6.5
4-957 Nylon 0.84 6.10 4.04 40.36 0.43 6.3

P(cm) depth of penetration of the residual fragments striking
the Witmess plate.

B3
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A plot of ablative hole size D1 vs impact velocity V is
shown in Figure 1. For similar projectiles the results. in all**
cases diainincrease in hole size with higher velocity. In all
cases the largest projectiles (lowest density atid t/d values)
produced a larger perforatioA with only one exception, the
nylon sphere falls between the steel and aluminum at 5 kim/sec.
The slope of the curve for D vs V decreases as the projectile
density increases. It shoul# be noted that the strength
characteristics of these projecLiles increase as the density
increases. A possible explanation of this decrease in slope
is that the weaker material (nylon) may be breaking up earlier
during perforation than the stronger material (e.g. steel) for
the sm.-c in,3act velocity. As q result of disintegrating sooner,
the projecttle particles spread laterally at an earlier time
and increase the perforation size at a faster rate than the
stronger material. A plot of ablative perforation.-diameter
D / projectile diameter d vs impact velocity in Figure 2 shows
t#at the DA/d values increase as the density increases.

To determine the relative penetration capability of the
rear .sall produced by these impacts, the maximum penetration
of the spall into an i10OF aluminum block wat measured and is
plotted in Figure 3 as P vs iwpact velocity. At the lower
velocity (• 5 km/sec) the depth of maximum penetration increases
as the rTojectile density increases. The spall penetration
decreases at the higher velocity for the steel and aluminum
projectiles and increases for the nylon sphere impacts

The spall penetration for the aluminum spheres decreases
at a faster ratn tham ifr teiftme 1. The situation for nylon is
peculiar in that the spall penetration actually increases at the

Shier velocity. Examination of the photographs for these
firings in'Appendix A also shows that the amount of spall im-
pacting the aluminum block increases with the higher velocity
nylon projectile. This is also true for the aluminum projectile
impacts. For the steel projectile, the spall pattern seems to
be more concentrated at the lower velocity. The spell pattern
associated with the uranium projectile impact is more con-
centrated than any of the other three projectiles.

An estimate of the size of the hole in the aluminum back-up.
can be made by averaging the major and minor measured diameters.
This estimated average diameter is 12.2 cm, 10.3 cm, 9.5 cm,
and 7.6 cm respectively for the nylon, aluminum, steel and
urauiim projectile impacts at 5 kfn/sec.

B4
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MINM't , PERFORATION FOR LOW Aii= IMPACTS

A series of oblique impacts were made into phenolic re-
frasil bonded tc. steel and aluminum back-ups using steel and
uranium (with 8-1/2% Mo.) spheres. The purpose was to
determine the accuracy of the required minimum perforation
energy as determined from the data reported in Reference 1 and
to examine the effect of projectile density. The data reported
in Reference lwere obtained for steel projectiles impacting
into phenolic refrasil bonded to aluminum and steel back-ups.
Two aluminum projectile impacts into phenolic nylon bonded to
steel back-ups are also included in the discussion.

One of the phen~olic nyrion targets was a model nose cone
(Round l1o. 4-935) and the other a flat plate specimen simulating
the model was placed directly in contact with a block of Loam
(4-944), (see photographs in Appendix A). The pertinent con-
ditions and results are listed in Tablell. A more complete
description of the data can be found in Table A.

TABLE II

Round No. Target Tt Proj. Proj. Impact Impact E E* Cond,
Material Mabi. Mati. Angle Ve i. n urn of.fl T

-_ _ (cm) ( Ign -- -__ (km/sec)OLU(Ref.l) get

1-1-107 Ast/Al 1.75 5.096 Uranium 10O 5.24 2.11 -- Perf,
1-1-110 Aat/A1 1.75 4.992 Steel 100 5.97 2.68 1.48 N.P.
1-1-106 Ast/St. 1.75 1.045 Steel 250 7.40 5.10 4.30 M.P.
1-1-94 Ast/St. 3.81 4.991 Steel 40° 7.03 51.00 56.00 N.P.
4-952 Ast/St. 1.91 1.046 Steel 30° 3.12 1.28 5.70 N.P.
4-944 ..PhLNy/8t.. 1.75 2.650 Aluminum 45° 4.59 13.93 -- N.P.
4-935 Fh.Ny/St. 1.75 2.800 Aluminum 450 3.78 10.10 -- N.P.

N.P. Not Perforated
M.P. Minimmn Perforation Condition

* E. is defined as the energy required, based on the norsal com-
c- € 6nent of velocity, to just crack the metal back-up.

The superior penetration capability of dense projectiles,
particularly at small impact angles, is clearly shown by the
results obtained with the steel and uranium projectile impacts
at angles of 10". The targets for these two impacts were the
sam type and the projectile masse% were approxiiAtely equal.
Althouith the impact velocity for tne uranium projectile was lower

uthan the steel projectile, the target (Round No. 1-1-107) was
completely perforated while the target for Round Number 1-1-110
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impacted by the steel projectile was not perforated (the rubber
bond material in this target was nearly intact). The impact
energy (using the normal component of velocity to the target
surface) necessary to just crack the back-up is s 1.48 kilo-
joules based on the steel projectile impact data reported in
Reference 1. This amount was exceeded in both cases, 2.68 kilo-
joules for the steel and 2.11 kilojoules for the uranium projectile
impact. There are two other aspects of these impacts which can
be seen by an examination of the photographs in Appendix A. In
the case of the uranium 7projectile (Round No. 1-1-107) impact,
no residual fragments came through the perforation to hit the
witness p.ate spaced 10 i from and .arallel to the rear
of the target. However, the witness plates that were 900 to the
target surface and positioned to capture the front spa 11 were
penetrated 0.38 cm by fragments from the uranium while the frag-
ments from the steel projectile perforated a total thickness of
2.54 cm. It appears that a greater amount of projecti(e particles
traveling at higher velocities ricochet off the target surface
with the steel or the lighter projectiles at this impact angle.
The type of petal formation in the back-up resulting from the
uranium striking the target has several interesting characteristics.
The petals that were formed at 900 to the trajectory (Lop and
bottom petals in the photograph shown in Appendix A) were broken
off and recoveced. T'he petals formed parallel to the trajectory
and nearest the gun muzzle were bent stral.ght-up, whereas the
petals furthest from the gun muzzle were bent over in the
direction of the projectile flight.

In Round Number 1-1-106 the back-up was cracked open and
represents a condition very close to minimum perforation. The
impact energy baoned on the 250 component of impact velocity was
5.10 kilojoules wi'h is somewhat greater than 4.3 kilojoules,
the amount needed for mirimum perforateýor based on the previous
data of Reference 1.

The back-ups for the 300 and 400 impacts were not perforated
by the steel projectile impacts. The 300 result (4-952) is in
agreement with the estimated energy needed, since the impact
energy is much less than the minimum perforation value. The
impact energy from the 400 impact (1-1-94) is about 9% less than
the estimated amount required for minimum perforation and again
perforation did rct occur.
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The two impacts listed at the bottom of Table II were obtaine,

using aluminum projectiles and are included to show the effects
of lower density projectiles. As previously mentioned, one of
these targets was a model nose cone (4-935) and the other was
placed directly in contact with a block of foam (4-944), Although
the impact energy at 450 was much higher then the estimated amount
needed for minimum perforation by steel projectiles, neither
target was perforated. The ablative was perforated and the back-
ups were bulged.

Based on these results, it appears that the determination of
the. miiumm perforation requirement, particularly for dense pro-
jet;ci.as at low nglev, !, not established.

It is also necessary that additional data be acquired to
determine the minimum perforation energy for different density
projectile materials. An analytical approach incorporating both
projectile energy and density and using values of prassure
measured on the rear of the target will be of considerable value
in establishing the minimum perforation requirement.

•, IMt PROJECTILE IMPATS

A number of different target configurations were impacted
with aluminum spheres over a wide range of velocities with im-
pact angles ranging from 90* to 45*. Different correlations
were examined in order to have a common basis for comparing
hole sizes in the ablative materials. In Figure 4, a correlation
for steel impacts into ablative structures is used, that has
previously bcen reported in Reference 1. As can be seen in this
Figure, the hole sizes for the 90* impacts are very close to the
E/T correlation, except for Round Number 1-1-82. Lound Number
1-1-82 did not have a rubbery type bond between the ablative
and steel back-up and this may have been the cause of the larger
perforation. In this plot the hole sizes for the non-normal
impacts, with the exception of Round Number 4-948, are grouped
above the 901 impacts. It was found that the difference between
the 90* and less than 90* perforations could be reduced by
dividing the major diameter of the projection on the front
target surface dp into the ablative perforation diameter DA.
This is designated as DAA14 and is plotted in Figure 5 for
the same data shown in Figure 4. Although non-dimensional hole
sizes do not c-opletely remove the effects from oblique
impacts: there is a considerable reduction in scatter, Larger
perfotwtion diameters with oblique impacts did not show up
as strongly in earlier firings with steel projectiles pri-
marily because higher t/d values were used. In these data t/d
values are approximately 1.
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Nose Cone Models

Three model nose cones (similar to those used"in t'he
Malta rocket exhaust experiments in the Aerothermal Phase of
the HVM Program) were impacted to produce a perforotion in
one side of the cone. The rocket exhaust results , rained
with impacted models were compared with results obL.ined by
machining a hole of the same size in a similar model and
subjecting it to the same heat flux environment. Before im-
pacting the models, the approximate impact conditions for
producing the required hole size were established by im-
pacting flat plates made of the same materials and thickness
as the ýmie cone model.. The two plates simulating the two
sides of the cone were oriented at the same angle to each-other,
as the nose cone angle, with the steel back-ups of the plates
facing each other at the same distance apart. -Aluminum pro-
jectiles were selected to minimize residual damage to the
opposite wall ( it was necessary to produce a perforation in
only one sidq of the cone and have .very little or no damage
to the other side of the cone). An abbreviated tabulation of
the results is listed in Table III. More complete data are
given in Table A and the photographs in Appendix A.

TABLE III
Model Nose Cones

Round No. Impact Proj. Complete Ablative Target Impact
Angle Mass Perf. Perf. DA Velocity

- ,. . ... . (ke/sec)
4-937 700 2.83 yes 7.70 1/2"Ph.Ny. 3.77

+ l/8"St.
4-938 700 2.83 yes o 8.25 3.94
4-935 450 2.83 no 8.30 3.78

Simulated Model Nose Cone

4-930 900 3.01 yes 7.2 1/2"Ph.Ny. 5.62+ 1,8"St.
4-931 4,5° 3.01 yes 11.2 5.134-934 450 2.83 yes 8.4 " 4.50
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In figure 5, the correlaLion of DA/d vs E/T, the comparison
between the two configurations is shown. The hole sizes in the
nose cone models were slightly larger than those in the flat
plates primarily because of the small radius of curvature in
the nose cone models. In the nose cone model impacts, the
ablative cone always broke loose from the steel liner. This
particular effect of the shock and vibration due to impact can-
not be simulated by a flat plate specimen.

Penetration of Foam Material by Rear Spall Fragments

Impacts were made with aluminum spheres at 450 and 60°
into flat plate ablative targets which were held in tight
coutaý with a foam. ticck. The targets werc the same type as
those used in the simulated nose cone model impacts and the
projectile velocities were slightly higher than the previous
impacts. The foam block was a 1-foot cube and was held in an
aluminum box with 0.125-inch walls. Two different density
polyurethane foams were used to show the effect of foam density
on rear spall penetration. One shot was fired without foam
in the foam box (see photos for Round No. 4-948), and two
additional witness plates were placed at the rear of the empty
box. In Round Number 4-955 a steel sphere of similar mass was
used to compare the effects of projectilb density on rear spall
penetration, but was at a lower velocity than the aluminum pro-
jectiles. The effect of projectile impact angle is shown by
the results of Round Numbers 4-944 and 4-945. Table IV is a
brief summery of the results, further details can be found in

4-the Table and Appendix at the end of the report.

The ablative hole size in 4-948 where no fo'qm was used
behind the target is smaller than those where foam was used.
These ablative hole sizes are compared with other aluminum
projectile data in Figure 4C

Varison of an Aluminum Sphere with an Aluminum Jet
Pellet Impact

The results obtained in Round Number 1-1-108 by impacting
an aluminum sphere into a fiberglas laminate target is com-
pared to the results reported in Reference 2 for an aluminum
jet pillet impact into a-similar target. This 1-inch thick
glass-cloth material bonded with permatex to a 1/4-inch 4130
steel back-up plate.was obtained from Firestone (No. 20-16-
09-01). The same type of target was impacted with au aluminum
jet pellet by Firestone in shot number 600-72. The mass of the
two projectiles was a pproximately the same (3.2 and 3.4 gm)
but the velocity of the aluminum jet was about 1.4 km/sec higher
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TABLE IV
Round Nuzmber 4-944* 4-945 4-946P 4-948t 4-955

Proj. Matl. Al Al Al Alý. Steel
Mass (g) 2.65 2.65 2.65 2.65 2.71

Proj.Vel(km/sec) 4.59 5.42 5.68 5.84 3.80

Impact Angle 450 600 600 600 600

Foam Density
(lb/ft) 7.00 7.00 3.10 None 3.10

Max.Pene. of
Foam (cm) 4(l) Perf. Perf. N.A. Perf.

Crater iou':h of -Sav.C as
Foam (cm) 13.5xll..5 9.30 Abl.Perf. N.A. 11.50

No. Perf. in
Foam 0 3 14 N.A. 2

No. Perf. in
Box (Rear) 0 0 1 17 0

No. Perf. in
Box (Side) 0 0 1 2 0

Wall. Thickness
of 61S Al Box 1/8-inch 1/8-inch 1/8-inch 1/8-inch 1/8-inch

Condition of Not dis- Not dis- Not dis-
Box torted (2) (2) torted torted

Abl.Perf. Dia.
(cm) 9.50 10.00 10.50 7.20 4.30

W 3-U not perforated
(1) Caused by bulge in B-U

(2) Rear of box bulged and welded seams partially broken
+ Round No. 4-948 - No. perforations of lst witress plate 14

No. perforations of 2nd witness plate 1
No. steel fragments inside box 10
No. aluminum fragments inside box 20
No. steel fragments outside box 5
No. aluminum fragments outside box 65
Total mass steel fragments inside box 1.98
Total mass Al fragments insi.de box 0.2S
Total mass steel fragments ouiside box 1.Og
Total mass Al fragments outside box 1.5g

@ Round No. 4&-946- Total mass of fragments thru the foam - 4g
No. fragments >1/2g thru the foam = 2
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than the sphere. The 9.2 km/sec jet pellet produced a hole
of 3-1/4 x 3 inches (7.94 cm. av.) and the 7.8 km/sec sphere
made a hole of 6.9 cm diameter in the glass cloth. Comparing
the glass cloth hole size results on an E/T basis shows good
agreement. Both hole sizes are only slightly lower than deter-
mined by the E/T expression of Reference 1, which gives hole
diameters of 8.35 cm and 7.5 cm for the aluminum jet and the
aluminum sphere respectively. The hole size in the steel back-
up with the jet was 3.2 x 3.8 cm as compared to 7.8 x 4.4 for
the spherical projectile indicating that a much stronger
shock passes through the material for the spherical case.

Uranium Sphere Impacts

Two and five-gram uranium spheres were used to determine
the effects of high density projectiles on the impact results
into ablative composite targets. The velocity varied between
5 and 5.5 kin/sec. All impact angles were 900 except for the
10' impact (Round No. 1-1-107) previously discussed. Three
impacts were made into the same thickness target with three
different back-up materials. For approximately the same energy,
a perforation of 10.9 cm diameter was made in the ablative
material with the steel back-up as compared to 4.9 and 5.0
cm for the aluminum and Mg back-ups respectively. It appears
thaL the steel back-up produces a higher intensity shock re-
flection than with the less dense back-up material. More data
are required in order to determine whether this is a signifi-
cant effect.

In order to compare the uranium sphere impacts with
previous data for less dense projectiles, the ablative hole
diameters were plotted in Figure 6 along with the E/T ex-
pression obtained in Reference 1 for steel projectiles. Ex-
cept for Round Number 1-1-103 with the steel back-up, the
hole sizes for impacts with uraniumi spheres are smaller than
those produced by the less dense projectiles.

CONCLUSIONS AND FUTURE PLANS

Minimum perforation requirements will be studied in more
detail for projectile density effect, particularly at low
impact angles. Correlations xtill be establijhed for minimum
perforations using aluminum, steel and uranium projectiles
against compcoite ablative targets with all-minum and steel
back-ups.

Impact data will be obtaiined for thin ablative composite
targets with t/d values between 0.5 and 1.0. ZOOe data and

, B'
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existing information for higher t/d values between 1, and 4

will be examined and compared with existing hole size corre-
latLons.

Experiments will be designed to provide information for
theoretical composite structure impact models in order to
determine the validity and accuracy of these models. Current
techniques will be utilized for studying wave propagation and
interaction with the cratering processes in ablative materials.
This experimental-theoretical study will provide a firm
physical basis for scaling projectile and target parameters
and •:tt.nating the Ppall. energy resulting from impact.
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TAKLE A

IMPACT CHARACTERISTICS IN ABLATIN SP

TAFISO MW7.CTILS ABLATIVE

A. 11"am90 Impact 790767no

AOIM,. 6.040144416 M Impact comn- U 79rA 0.0.06 DiMAmiona Ub42m,
=.."cY) Pa~t-vi V4100 new (c) (cm) Die AnS DIEU.

50.0350.164..Om/se or2.. -) (In ';7ra gi, ~. veo~y(m (em) (cm
2
) (CEf

4.89 11-15 12 xtIs x0/18 0.150 92 Moore 81.. 2.04 5.051 - 27,090 CQL-plets P115. 5.2 5.1 4.7 10.12 4.1
Ph. 2101,5. . L. 2304-T3 0.31204.. R.C. 46

1-1-96 13-14 24, 54 x 1/2 0.125 90 Boors Stel 2.031 7.477 20.20 comnplete Fert. 5.0 5.3 4.6 20.07 5.1
PhSol90 L. AL. 2054-T3 0.S1201.. .4.0. S4

4-040 13ý17 is Eis 1 ova 0.111 00 Sphere Vnsaluin 1.842 5.128 24.745 Comp~lete 20.ul 4.6 4.5 423 too5 4C
pit.Sol. 1. AL. 5034-TI 0.SS5328. 1-12/%

MO5.
4.047 fi-14 12 El Isx0/16 0.126 so Sphere Al. 2.001 4.81111 23.0711 complete Pori. 5. 5. 5.0 22.16 5.3

Ph. 2031.L. Ml. 3034-TI 0.43125 3. 01V-T4
1-1-90 B-IS 2 34,4 E 111 0.1253 90 Sphre ,At. 1.9411 7.679 58.9.29 Comoits~l Port. 4.4 4.4 .1 23.53 .~

10. Du. ;. Al. 50H-3.1 0.437Dio. 2017-14
4-049 B3-2 125 lis IS.1/SS 0.129 00 Kr. 2(y 2.041 5.041 - 25.933 Complete P990. 4.3 5.5 4.2 20.53 .1.

10. 3.4. L. AL. = T3-2 O,=54
4-064 31-31 13 E 13x 1/3 L.5" 00 Sphere xylns 2.0"4 4.792 - 47.007 complete Part. 7.1 7.1 5. 33.03 4.

maw4. L. Most1 4130 10.111181)w
4-960 W-52 1s4x20. 2 /2 0.153 W1 Ogler. ty 3 ,2E 2040 4.742 "A 4431 cEo03loM P00. 4.9 C.S 4.1 S3.3 C.1

'.I' Rc., SIL Al. 3024-T] 0.%110r..'ý
4-014 13-2. o .. . 0/ta 0.121 00 V.i ris.. LOU4 LOU(1 43.6611 Completv 7.3 7.0 Ia M4.45 ;'.4

Ph. -At'. L, AL. 22-13 rJ.15"W..
4-167 B3-2 39 v o x1/2 0.125 00 Sphure KY2W. 2.413 4.301 . 40.536 complete Pori. 6.4 4.4 .6 20.14 4.1

Ph. li., uI AL .54-TS 0.0054..
1-1-24 a-us 14x54. 1 0.116 40 Boors Al. S.SS T.*10 -" 202.044 COewme vad. 8.2 S.2 37.29 6.9

Gleun CluES 1.. O4.W 4220 0.52034.. 234-TI
CDA-6 D3-6 34844.210/6 0.50 4 Boor Al. 358.7 44800 3.229 3742.117 Couplet. Pod9. 27.0 33.0 32.0 921.73 34.4

0. SM. 1.. 1614.1 4130 2.19 D4e. 20114-TI 11141.582
1-2-U 3-17 3424X541 0.26 00 964.r, Al. 10.10 5.2303 141.9113 Complete tort. 14.1 12.4 it.$ 2264.6 12.7

10.3.0. L 6".9 1s14 0.7a DI". 20117-T4
1-I-83 3-Si 3 Mi~t 2% 0,IO is Now. AL 10.11 6.124 - 100.330 Caompse P.90. 551 .6 0. .i' -4.26 0.2

Spow30 644 191 0.7mg.. 267-14
1-1-91 W-26 34 a 4 x2/2 (1121 is 96.e" 64.91 SAS0 4.018 0.4066 80.444 3.64 all 5.7 - 24.41 4.1

0. DOw. u. shot0 4130 0.544. B.C. 46 2.434
5-1-06 0-30 *14x24. 1 0,29 00 A60w. owl. 4.M6 7.0=2() 123.446 complete rod0. 10.3 10.0 9.? 54.50 9.2'

M0 Sol. 1.. NAO. 1016 614211)w 3.0, SO s.7221-1-47 93-1 04.04,-1132 0,IX 10 So.. owl 4.9113 7.40(s) 1.111 12.0 2.4 2.5 2.1 - 2.04 2.2
PL a.31. 111 4.1 1016 0.421044.- 04C. OF

1-1-03 11-2 So33.0 -5/33 0.36 so gab"*. 81061 4.991 5.603 - 77.757 complhte 'red. 9.5 4.1 4.3 24.74 5.7
ft 3ad. I.. AL 5084-TI 0.422346- SIG. a0

1-1-14 3-53 2d3
4
E5 -3/32 0.2 40 960w. St"1 4.001 7.032 4.52 1232.438 4.53 6.4 7.4 5.5 27.02 6.0

illI a. 1.. Ilie 4134 0.4824.. B.C. do 15.607
1-2-U W3-4 20.20.1-0/5 0OA 00 16W. awl 2.03 7.001 - 44.674 9.36 5.5 3.7 - 24.U 4.9

10.3O0. 5. 6Sl.1 4136 OS0i2ge. B.c. 0
2-1-06 3-236 20.14.2-3/53 0.A so 96.. ' O46.. 1.16110 30 Si 21.446 Complete P190. 4.0 3.4 2.4 9.00 2.3*

P03Sol. 5.. Coal 4130 0.2334.i. 8-2/2%

2-1-108 &-34t S6.20.1-1/42 0.2's 9 01011 tkmg.. 9.04 4228 71.753 comple.e 100. 22.4 10.? - 33.10 15.5

1-1-104 1047 MaN34I-S/U3 GAS6 a9 NW0g Vikik= LOSS4 1.30 - 72.7 Complet. Peri. 5.7 6.1 3.8 24.78 4.3
1` 101. 0w .S AL. 236-TI 0.284364 8-12%'a

1-1-106 S-236 20.10.1-3/33 8.6.34 ffer unwh. Sr9 5. 66 .239 70.243 compolet P.90. 1.9 6.7 4.2 19.91 5.0

10. MeL SI . mo26-i1 6.32434 8-1/2I .1

1-1-120 3-460 205201/2 0.534 W0 Sobew. 803.1 4.341 .3 .06 aim.4.0 co ,let 5e.2 3..4 - 23.06 4.1

Ph. ad, SI. AL 2664TI 0.42204.. &.C. 96 LOTS9
1-1-10 3-41 is2.34 A2/8 0.236 34 Sphere 64.1 1.63 7.23 3.124 WHO15 Craclke 6.3 0.3 4.6 23.39 I3

Ph. MeW. SI 0NO.0" 426 .26606. B.C. c:590 Sck

4-954 34 12x 52. 17/U US23 So mirs a"&. IAN4 3.31 - .fW complete VOL0 1.2 1.5 1.43 2.5
WA 11011. ".- Most 4036 0.200303 ILC.UN

4-900 11-46 14.x20 x1/2 6.125 60 take" AL 3.01 9.634 - 47.002 Cups'let.e.f. 7.4 7.5 - 00.3 7.2
1.M L WTI. 3 2411 4i .96900 2617-14

4-5011 33 14.a5': 112 9.126 3 - ~ AL 3.01 1.13 L.OW 39.075 CmompeFot.19. Mo. 10.4 9 0.94 11.2
M0 334. 2.. SMS J.6 6.9 . 3017-"4 19.744

4-604 D-46 14.23.111 9.3 39 96^M AL L.6U 4.00 3.182 244 complete 1050. S.9 7.3 116.758 .4
10.,5 SI NO .3.4 SA.46634.. 3014-10 . 31457

4-05 3k-47 PL0 ",0. SI .02 46 NOS". AL LIM3 2.763 2.474 20.197 D0dwu .orfe. 6.6 L6 1.7 04.7 LS
ame cupn NO4 SA6 6.44030 2604-TI 10.096

4-007 3-46 Pk.3,0w 1.. 0.136 00 m05 AL. Las3 3.76 3.900 30.086 Cnoup.0 ~.. 7.4 7.0 - 47.04 7.7
WOrN coo 2648,6 640004. 2634-TS 17.72

4-064 ft4 *AM,4 LI 6.126 To VMSw AL 2.915 3.944 2.706 22.426 complete 109. 8.2 7.5 6L0 - -
No" clwb O 8.LL (1.40066303. "4-T3 29.26

4-044 IS-U s 1i4~ x/ 6.2*36 411 Soon AL. 2.64 4.587 3.3423 768 ~ .jp.0 . . 21 .
A1L0".3 L.- " 264.8 0.49606.l. 26-34.T 12.63 Dwo pi A L 11 .

4-946 W&91 2.14.x 1/1 9.216 so Boom. AL. 2SO 1.423 4.9110 12.627 CILIet 1090 2T10.9.33 10.0
Ph.3,5L .SI L 9486 .4903 213-TI M I .111

4-046 11-62 1.3 .x 112 34 60 VS LI o W AL. 2.S48 178 4.917 42.446 Compboue 10.0 10. 1". 8.46.3 10.9
Ph. 3Y,0. SI NO5A 0.43601. 3034-11 32.010

4-943 B1-0 12,2./ a.3 60 at 11 01 S O" A. 239 ~ .04SS 7A 45.114 Co.pboOs VW. 7.6 7.0 46,032 7.2
Ph3. SI NO 34 .6. .46604. 2664-T3 33.461

4-936 w5 ,I-) 13 Is 6x3 IA am 0 Boom. 6400 3.106 3.715 3.291 19.474 C*uptered 09. 4.7 4.4 49 54.A 4.5
3116 390. SI AL 4664.1 Oju4.236. JDC. a0 14.664

4-946 11-155 Ox 2421/2 011136 00 Sphere Al. L64 .11 - 34.471 Complete Pod. 6.4 9.4 6.1 34.6 4.2
m0 AFL S NO 3048. L4.46633 34-TI

4-663 11-11U 2 1 1.0z $/As LIN2 34 Rom. M03d 1.043 3.122 2.543 9.101 .36 2.1 2.9 - S.4 2.5
VI_____ 10. Dm4 SI 4O1430 6.21636.. I.C. 16 1.310

3.uieetos WW ad bask-w belp anoto.i twom rear omwm of gk-u.
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TABUE A

IMPACT CHARACTERISTICS IN ABLATIVE STRUCTURES
ABLATIVE MATERIAL BACK-UP

I~~~~Fo Impac Mr ORIPi Sel Fetz 101111 How1
& T/ Ps au D nsions iD Dim m L~ams , Olmak" REMARKS

i080)oma (cm) ") () ) (cm) 6 .

27.063 COmplete Pod. 5.2 1.1 4.7 1LU 4.9 7.5 7.5 10.1 0.9

54.800 CW48lt Pod. 5.5 1.5 4.0 30.07 5.1 13.4 11. 7.9 7.8 1$.0 11.3

24.745 Complete e1d1 4.9 4.1 4.3 Is." 4.8 9.3 #.1 - - 8.2 4.0 1" M. Al. tub used ia qpaer between tayget and W.V.

23.675 Complete Pero. 3.9 5,9 5.0 21.19 5.2 V.1 ..0 11.0 9.6 loscer prvevoted complet petWjag

58.302 Complete Port. 6.8 8,4 5.1 28.111 ,.,0 13.3 11.1 4.1 15.5

25,93, Complete P•e. 6.3 5 .3 30.6 5.1 8.0 7.7 8.0 8.7 12.2 12.1 Ablative partially deolmtetd

47.007 COmplete Podl. 1.1 7.1 5.9 55.68 8.1 12.0 10.5 9.2 7.9 19.0 11.6 Rack-op ptteUy psrlod from ablatly. and cracked to .86,
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SUMMARYI,. Under the aerothermal phase of the program, GE-RSI) has continued
thermal and structural studies Intended to develop the technology required to
assess re-entry induced thormostructural kill of a re-entry vehicle which has
been perforated by hypervelocity Impact.

During the past six months, emphasis has been placed wa the understand-
ing of the "coupled flow" internal heating mechanism associated with single per-
forations in unvented compartments. Test, of Instrumented auisymmetric models
containing machined perforations were conducted at Mich 10 in AZDC Tunnel C,
and in the Malta, Rocket 'Exhaust Facility at Mach 3. The Internal beating from
these two series of tosts in widely different environments correlated well with
+"t-tmlont a r layer theory for the entire range of perforation sines which were
tested j*/N/ from .01toO.2?). The Malfn sories of testslIncluded an actiual
lmpat perforation for comparison with the machined perforations. A convenient
cortelation, equation was derived from the analyqis of these tests, to replace the
time-consuming evaluation of the formal theory.t The protective effect of a lightweight urethane foam filler within a model
having a simulated Impact perforation was determined in a Malta rocket exhaust
test. The "effective heat of ablation" concept was used to characterize the per-
formance of the foam.I ~The Internal heating correlation derived from the AEDC and Malta tests
w'w applied to ia v.lenc~r sharp-cone advanced target vehicle having a ballistic co-
effiient of 3000 lbM4 Gnralixed results were obtained for the value of AV/
required to cause thermal kill of several representative vehicle structure designs,
for any sine v*hiLa having the stated geometry and re-entry conditions. The use

F of the currently accepted imaqct perforation correlation denmontrated an extreme
sensitivity of lethol fragment mass to the size of the vehicle being attacked.

The flow characteristics of machined and Impact perforation orifices hav-
ing supersonic tangential approach flow were determined in a test program per-

well by a viscous modification to inviscid expansion theory. Pressure surveysfomdi D hnlD h esrdfo ae eepeitdraoal
the supmersonic Internal jets formed from tangential approach flow revealod theI ~two-dimenuional Jet decoy characteristic of such Jets. This characteristic ha
been bypotheised previously as an explanation for low impingement beat Iluxes
obtained in ground and flight tests of perforated =odels. Oil film photographs dis-
closed the existence al two general types of Internal jet development, depending on
the orifice pressure ratio.

tructural studies concentrated oa the effects relatively large openings
on the lcad capability oI cylinders subjected to axia and bending loads. A modest
test program ws- zunducted In support of an. andytical method devised to predict
the effects of such openings. Mylar cylind#r~s having various siese and shapes of
cutouts were sMzbjcted. to axial and beading loamb to determine buckling limits.
Correlation of teslt results IndicAted that modifications to the prediction method
are required.

NIo d4A were Obtained from Whe ICBM piggyback flight experiment conduocted4.. on thb V/AC program because of booster malfunction.
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I. AEDC TUNNEL C INTERNAL HEATING TESTS

A. Facility and Model Description

A series of seven tests were performed in AEDC Tunnel C to determine
the internal heating to models having simulated impact perforations. Tunnel C
is a 50-inch diameter, continuous, closed-circuit wind tunnel with an axisym-
metric, contoured Mach 10 nozzle. Nominal operating conditions for the tests
were as follows:

Reservoir pressure P 1800 psia
Reservoir temperaturg T 1900°R
Free-stream Mach no.4 10 6
Free-stream Reyxdoldo •,a, Re. 2.2 x 10 per ft.
-Test medium Air
Stagnation enthalpy hs 475 btu/lb

The test model (Figures 1 and 2) was a 10 degree semi-vertex angle sharp
cone with a 15-inch base diameter. The model was the same model uled previously
for tests in the Cornell Aeronautical Laboratory wave superheater tests described
in Reference 1, but with a sharp nose tip and with base plate modifications required
for tunnel mounting. The model contained a double shell construction, with an inner
stainless steel shell of 030 inch wall thickness forming the test cavity and serving
as a heat flux calorimeter, and an outer stainless steel shell of 0. 150 inch wall
thihoness forming the external configuration and structural support. The shells
were separated by a 0. 3125 inch insulating air space, which also provided space
for routing instrumentation leads. Inserts which fit in the cone wall provided a
variety of simulated perforetion sizes at two diametrically opposite locations. The
vertical surfaces of the perforattons were cylindrical, rather than locally perpendi-
cular to cone meridians. A vent orifice was also provided in the base plate and
could be either open or closed.

Instrumentation consisted ol 34 thermocopleq1i|d 8 pressure taps in the
inner shell, and 9 thermocouples and 3 pressure ta•p• ii tfb outer shell. A copper
slug calorimeter was installed in the downstream i•de of elh insert, as shown In
"Figure 1. A total pressure probe rake was mogoed to the bhe of the model to
measure boundary layer profiles at the aft end of the model downstream of the
perforations. Thermocouples were recorded fot'40 seconds after start of run, at
a sampling rate of 20 per second. Pressure readings, were obtained over a 3
minute interval required for obtaining equilibrium Inrthe 16 ft. !length of tubing
involved.

B. Test Procedure

The tests which were performed are listed in Table 1. Tests 1 through 5
provided a systematic variation in perforation diameter for a single perforation,
with no base plate venting. These tests varied the coupled flow parameter A/V2/3
from . 009 to . 188. Run 6 provied two perforations ot equal diameter located
opposite each other, with no base plate venting. Run 7 provided a base plate vent
for a single perforation on the cone.
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TABLE 1. AEDC TUNNEL C ?iNERNAL HEATUNG TEBT AGENDA

Test A 2/ 3  Perforamz Damators nwePs

Number No. 1 N_.__ (lruis)

1 .009 1.402

2 .019 1.982

3 .047 3.144

4 .094 4.443

•. .1u , 6.069

6 3.144 - 1."

A = perforation cross-section area
V - internal volume

Temperature records were used to determine beat fluxes at a time ofib
3 seconds from start of test. The thin-wall one-dimensional beat flux tee
wa.- used, with evaluation being accompAV -Ied by an AEDC c€mputer prorm el-
ploylng a 21-point least squares fit to the data.

C. Results

Internal heat flux maps are presented for all seven runs in Figures 3 tkroeg
9. In all cases of single perforations, the naximum heat flux appears to occur
on the 180 degree uaeridian opposite, the perforation. A local maximum appears
to exist at about one-quarter of the base dmiaeter, measured from the 180 degree
meridian. The heat flux patterns strongly suggest the type of flow pattern (see
sketch below) Inferred previously from the heat flux maps for vented models of
the Wallops Island program (References 1, 2, and i3) for perforation locations
away from the stagnation point.

LOCAL
MAXIMUM
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In no case did high boat fluxes develop directly downstream of tls perforation,k such as occurred in the rocket exhaust tests conducted by the Ballistic Research
Laboratory (Reference 4). Further discussion of the internal heating mechanism
for single perforations is given in Appendix A.

Tho heat flux distributiona of FIgures 3 through 9 were integrated graphi-
cally over the internal surface area to obtain the total rate of heat absorption QW
by the walls of the perforated volume. The resulting values of QW are listed on
the respective flur maps. For Tests 1 through 5, the values of %W are plotted vs
perforation croev-section area A in Figure 10. A remarkably consistent correla-
tion is seen to : suit, considering that the values of QW are subject to at leant

.46: *10 percent error. Also shown in Figure 10 Is the pridlcoion of the Donaldson
relation for "coupled flow" energy influx for these test conditions. The Donaldson
relation is: (from Reference 5 or 6)

.ds
in hc • .=0316 -4 PUA (1)

: in which:

,Eil dE/dO - rate of energy addition to internal volume
' Y isontropic exponenta 1. 40 for tests
p - local surface pressure w 0. 22 psa under

local surface flow velocity - 4600 it/sic discussion
"A - perforation cross-section aro

Since Equation (i) was derived for large Mach numbers and fox temperatures in the
,ftagant region which are small compared to the stagnation temperature in the un-
disturbed flow, it represents an upper limit to the expected energy influx due toI steady flow turbuleut mixing energy eoxhange. A more refined theoretical predic-
tion can be derived from the compreswiile turbulent mixing analysis of Chow and
Korst (Reference 7ý, whose results can be written as: (See Appendix A)

SECRET H-8
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Figure 10. Results of AEDC Tunnel C Iternl Heating Tests
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ISo

in uhich:

TV/TS - ratio of cavity internal air temperature to stagnation temperature
e Of external flow

i1(tij) - value of auxiliary shear layer Interal below the dividing stream-
line

a similaxrity parameter for co-ordinate system (jet spread
parameter)

Equation (2) Is otisarved. to be a more general form o. -oustion (1). Unfortunately,
quantitative predilctions using Zonation (2) requlr, a knowledge of the temperature
ratio TWT-'T. In the present series of expriments,. this quantity can oniy be
determined impiricaly by macing the experiIeztl rsults wit 1quatioa(I).
This Is readily daL by assuming:

~w~'in(3)

SECRET
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whih i quvalt t asuming that a q"m-i-steady state condition exists within

th odinternalvolua after an initial transient filling proc~ss (t. e. , internal
lirssue 0d tinpzatreare appromxitely constant, and all . the entering

enrgya must be absorbed by the walls). The validity at this assumption to checked
In AMPendfx A. By combining Equations (2) a&d '3), a mean value of T/T S -0.30
was computed by Iteration for tha values of QWshoWn in Figure 10. The folowing
Values were used In the calculation:

p - 0. 22psia
U -400W sec
0 = 35 (for lcl dMach numiber of 7.1-seeeFigure A-3, AppendlixA)

The vlu o ( ( ) Is a inctionof Tb/T B and is determined as shown in

As shown in I' 1gar. 10, the Chow-Korst analysis (Equation 2) with TW/TS,, 0. 30
gives a reasdiable match to the measured values of QW. The deviation~ of the dataL
from a slope of unity, when plotted as QWvs A, indicates that TW/T; Is increas-
iog slightly as A increases. This trend can be rationalized tlworeticaly by con-'. ~siderinS that it A is increased, the energy influx rate El, attempts to increase in
direct proportion to A, per Equation (2); but the wall hai atsorptlon rate ft can-

botlnref as arapidlyansA, due to the 0. 8 ezpnent an decayed jet velocity whicP
IL Ariads In the jet iapingement turbulent heat flux relation. Hence, the Internal ai
3will equilibrate at a relatively higher temperature Tb for larger values of A.

It Is noteworthy that the value of QW for two diametrically oppositc, perfora-
Aom Is not twice the value of QW for a single perforation of the same diameter.
,As shown I& Figures 5 and 8, two diametrically opposite perforations resulted
-in a slightly owallervalue 011 QW than that for a single perforation. Appurently
ýth. jew-ik circulataIonduz~ced by the external flow past each perforation causes
a colliplon of let flows to the middle od the internal vvlume, with =-ire thorough
*mmng and heating, of tde air prior to impingement on the walls.

Also of interest is the large increase In internal beating caused by the
* opningof the base Plate vent. A com~parison of Figurea 5 and 0 shows thnt for

* . the same asie perforaition on the come, a veat having a diameter of one-hlfl the

p~rto diam7e auidnicreaseIn QW to four times Its value for:n
and beat rate to the wall In the quasi-steady venting analysis developed to Refer-
ficielt of 0.8 aten following quantities result from 0mi '.aeoua solution of the
.Contiodot aWi energy babance equations:

V-¶~ Mesan interal temneratare 6 20%R
b"nltfowr rte (oil a exit flow rate in2 ) .005 lb/sec

al RZ by OM n=225 btu/sec

internal walls W~ W 0.67

SECRETH-10
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This value of compares well with the values of 0. 65 and 0. 75 obtained for the
grou A andfi t tests of the Wallops Island program for an inlet orifice 60 degrees
from the stagnation point, with venting oM the cone (References 1, 2, and 3). The
inlet flow rate Is about 45 peraint of the value predicted by the inviscid Prandfl-
Meyer expansion theory, probably due to apprcach flow viscous effects. (SeeSection V).

Average internal and external static. pressures are aMoo shown in the beat
flux maps of Figures 3 through 9. !n all runs, the internal pressure was very

uniform, with approximately *1 percent variation existing among the e internal
pressure readings. It should be noted that the internal pressure exce the
external pressure for tests with no vent open in the base plate. The ratio of in-
ternal to external static pressure increases with perforation diameter from about
1. 05 A." the smaller porfo•,•iuna La 1. 13 for the iLgest peforation. This
increase in internal pressure is caswed by the addition of energy to a closed
volume, as discussed in Appendix A.

The temperature responses of the calorimeter slugs on the downstream
surface of the perforattons (Figure 2) were used to determine initial heat fluxes
neao the beginning of the test runs. These heat fluxes were converted to heat
transfer coefficients, which are plotted vs perforation diameter in Figure 11
for runs with no venting. Also shown In Figure 11 are laminar and turbulent
theoretical predictions based on an approximate method. In brief, the method
employs flat plate heat flux relations to the boundary layer which develops along
the duwnstZeaM surface, as shown In the following sketch.

I P~~~~LOW L tis g

WALL BOUNDARY LAYER

CALORIMETiR

Local properties were determined by Isentropic expansion to Internal predsure
from stagnation conditions corresponding to the divid . 'treamline of the separated
turbulent ohear layer. The location of this streamline -.4s determined by theI ~method of Chow and Korst (Reference 7), as discussed in Appendix A. ,)Ince the
local ReynoWs numner Re. bsed an distance measured from 0 in the sketch is
on the order of 1000, a lamninar wall boundary layer should exist. Th agreement
of laminar theory with experiment is excellent for thethree amaler perforations.
For t•h two larger perforations, the lower experimer'- I values suggest trar.nsiton
to a turbulent bm,"fary layer, posibfly due to incresed turbulence levels &wo-
ciated with longer separated flow paths before re-attachment. However, the data
for these two runs is In question because of the calorimeter slugs popping out during
the run, due to expausion of the RTV bond used to Install the slugs. (Air gape
existed around the slugs for the three smaller perforations.)

The analysis of this group of tests Is complete, with theIexception of a

ce.aparison ol maximum Internal heat fluxes with a theoretical prediction employ-
ing jet diffusion and jet impingement heat flux relations.
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I ISECRET

6

S

7 0 1 2 3 4 5 6POH BA O'tN To * 000 O

PEFRATION DAMETE, INCHES
Figure 11. Heat Transfer to Downstream Perforation Surface-

SAEDC Tunnel C Data

IL MALTA ROC UT EXEAUWT INTERNAL HEATING TESTS

A. Facility and Model Description

t A series of seven tests are being condacted In Pit Four of the Malta
RaocksttXd st Faclityto determine the Internal heating to open and faan-fIlled
models having sLaulated and actual impact perforation. The Malta Pit Four
Facility tllisem a 15 inch exit diameter contoured shockless n Ale on a liquid
propellant rocket motor body. The ftel Is ethyl alcohil with lkpui oxygen as an
oxnider. Nomizal operating cowntion for the tAs .se as follows:

Chamber pre re SIC pelt

I Chatber entlalpy 3250 biA/ib
Free-stream Mich muser 3.0
o/Fr rau 2.1
Test meotis Sxhm Pass (• L. 20, mol. wt. 2O5)
Model stagraton pressure .10 peta

I SECRET 0-12'• H-I -
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The test models are all of a common design, being blunt cones of 10 0 4 5 1 semi-
vertex angle and 9.8 inch base diameter. The heat shields are laminated phenolic
nylon, bonded by Epon 6 to Inconel 800 structures which form the test cavities
and *erve as heat flux calorimeters. The heat shield thickness provides sufficient
insulation to prevent any structure temperature rise due to external iheatft for
run times up to 15 seconds. A aection drawing of the model Is shown in Figure 12,
which gives dimensions of Interest. A photograph of a model on the test stand is
shown in Figure 13.

B. Teat Procedure

The test agenda being followed is shown in Table 2. In all cases, a single
Vh o'.1 za-j exists on ta co•i•i.• P;nwton of the mod,-l, located as shown In Figure
12. Te+*t 1 throuh 4 consider the internal heating to open internal voluraes,
while Tests 5 through 7 lnvestigate the rerponse of Internal foam fillers contain-
ing slumlated impact cavities. Instrumentation for Tests I through 5 consists of
28 to 30 chromel-alutael thermocouples on the backface of the Inconel structure,
with leads routed in the bond space between the heat shield and structure, and 4
pressure taps In the backplate of ths model. In addition, Tests 1 and 2 included
2 stainless steel slug cak~rimeters installed in stainless steel ring inserts, as
shown in Figure 12.

TABLE 2. MALTA ROCKET EXHAUST INTERNAL HEATIMG.TEST AGENDA

SPerforation Type Run
Test A/V Diameter of Internal Time

Number (inches) Perforation Foam (sec.)

1 .11 2.5 Machined None 5
2 .27 4.0 Machined None 5
3 .16 3.25* Impact None 5
4 .07 2.0 Machlnsd** Nome 5
S - 4.0 Machined Urethane, p - 7.8 lb/%.-. 10
6 4.0 Machined Urethane, P a 3.0 15

- 4.0 Machined Urtane,p 3.0 lb/ft 15

A - Initial perforation c-oss-section throat area
V initial free Internal volume

*E(fective diameter of eqiuvalent area circle
**The ma•chind perforation for Test Number 3 contained a bevelled

approach coatour (see Figures 12 and 23). All other machined perforations were
cylindrical Orifices.

C. Itsut

To Whte, Tests I through 5 Wave beet coplWd with Test 6 and 7 ached-

thrwj& 5 ,rx sdown " Fiurs 14 through 16L The white depsi~ts seen in
Figures 15 anid 17 amJ co•ai residueof• the RTV ga filler materalqld'hch

R E on T. A the more sigU t post-test visua obseratinsW A can be mol areo the folowiW.
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Figure 16. Malta Test Two - Pre-test View

Figure 17. Malta Test Two - Pust-teat View
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Pipur. 19. Maltf Tes.t Three - Pro-test View

Im
Figure 20. NMaLt Test Three - Post-togt View
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L ~Figure 25. Malta Test Five - Pre-test View

IIN

Figure 26. Malta Test Five - Post-test View
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Test No. 1 (Figures 14 and 15)

The two calorimeter slugs in the bisert ring had burned out. Erosion had
occurred at the downstream edge of the insert ring; however, the ring had not
melted completely through.

Test No. 2 (Figures 16, 17, and 18)

The insert ring had melted completely through at the downstream adge. A
longitudinal crack developed in the heat shield from the dowmstream edge of the in-
sert to the aft end of the model. Fastax motion pictures showed that this crack
occurred at about 1 second after start of test, and progressively opened up during
the remainder of the test. The crack may have been due to thermal shock,
agmravated by the stress concentration due to the perforation.

Test No. 3 (Figures 19 and 20)

The major lorgitudinal crack, which was caused by impact, opened up dur-
ing the test. A hole was burned through an Inconel structure petal caused by im-
pact, on the downstream side of the perforation. The maximum longitudinal di-
mension of the perforation grew from 3.25 inches to 3.75 inches during the test.
The condition of the model after impact but prior to thermal test is shown in
Figures 21 and 22. In preparing for thermal test, the heat shield was pulled to-
gether to permit bonding of the longitudinal impact crack. Several loose pieces
near the perforation periphery were also bonded in. The perforation for this test
was caused by a 2.5 gram aluminum sphere at 12, 900 ft/sec, striking 70 degrees
from the surface longitudinal meridian, and was impacted in the NW val Research
Labor-atory's Light Gas Gun Facility.

Test No. 4 (Figures 23 and 24)

Some erosion and melting of the downstream edges of the heat shield and
structure occurred, being maximum slightly off the diametral meridian.

Test No. 5 (Figures 25 and 26)

The urethane foam ablated in a typical cavity-heating pattern. A char
layer developed on the foam surface. The initiUl and final cavities In the foam are
shown in Ftpres 27 and 28. The initial cavity was a somewLat idealized simula-
tion o1 an impact cavity obtained in a 12-inch cube of the same foam, placed be-
hind a flat plate phenoUc nylon - steel composite target having thicknesses corres-
ponding to those of the test model. The tigt perforation and foam cavity were
caused by a 2.5 gram aluminum sphere at 17,800 V!sec, striking 000 from the
surface longitudinal meridian, fired by NRL in their Light Gar Gun Facility. The
deep secondar* penetrations below the primary crater In the foam were caused by
pieces of structvrq.

The thermocouple data were reduced and plotted at 0.5 second intervals.
A one-dimensional thin wall beat tux calculation waa used to convert ihe OuiuI, oi
the temperature-time curves to heat flut at 2 seconds after start of test. Heat
flux maps are plotted for Tests I through 4 in Figures 29 through 32, which also
show average internal and external static pressures at 2 seconds. The error
a.-sociated with each local heat flux Is estimated to be at least * 10 percent. The
beat flux distributions are seen to be quite similar to those obtained in the AEDC
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tests descrilbed earlier, with maxnmars occurring on the meridian 180 degrees
from the perforation. Even for Tests 1 and 4, In which thinner downstream edges
are provided by Impact and bevelling, respectively, the wall thickness of the model
downstream of the perforation was apparently sufficient to turn "v induced internal
flow approximately 90 degrees.

The heat flux distributions of Figures 29 through 32 were integrated graphi-
cally over the internal surface area to obtain the total rate of beat absorption QW
by the wralls of the perforated volume. The resulting values of OW are listed on
the respective flux mape. These vclues of Qware plotted va initial perforation
cross-section are A in Figure 33. Also shown in FigWe 33 is the prediction of
the Donaldson relation (Equation 1) for "coupled flow" energy iv"ux for these test
condition& (y - 1.20, p - 22 psia, U - 000 ft/aee). As discuss" previously,
Equation (1) represents an upper limit to the energy influx due to turbulent exchange
acro•• steady shear layer 114.. The CQow-Kbrat relation (Equation 2) with -I'm 1!
fL,r M)dta conditions is seen to bracket the measured values for a range of T b/TSe
of 0. 1 to 0.5 The model coataining an actual impact perforatto. Wave a relatively
low vQlue of QW apparently due to the more thorough mixing of be induced jet flow
caused by deflectoion off the structure petals (see Figure 2). This increased mix-
ing prior to jet impiAgement causes a greater internal gas tempe.rature (larger

TS.), which reduces the valu, of QW. The machined perforation results again
show a trend toward an increase in b/TS. as A increases, as was the case for the
AEDC results.

The Internal beat flux distributions for Tests 1 through 4 are plotted in
Figure 34 as a normalized heat flux ratio 4L/4, vs % the surface distance from
the estimated jet impingement point. Also shown Is the average locus of the re-
sults for Malta Pit Four Test MMA of the W allops slad program (References I
and 3), in which a 0. 375 inch diameter inlet orifice was located on the nose 60 de-
grees from the stagnation point, with two exit vents on the car Although large
data scatter exists, it appears that the dashed curve represents a reesonable first
approximation to a universal itoernal heat flux distrOition, provided that:

* the perforation dnwstream wall thickness is sufficient to turn the in-
daced sheer layer flow 90 degrees; and,

0 the internal Jet flow Is fully developed upon impi At on the
opposite wall.

For applicatlou to vehicles whose ales differs from that of the .,is test models,
the abscissa of Figure 34 should strictly be a dimensionless length ratio such as
B/D, wihere D is the maximum diameter of the perforated compartment. An equiv-
alent methud Is Indicated on Fýe 34, as an adjusted distance co-ordinate a
Wkch Is k'"led to.the W14. model size.

In the proceding discussiona, no east flux mavk or distributions have been
shown for Test 5. For this tos, the urethrne foam provided enough Insulation
aucl taat negli&INbc tmperature rises occurred at all locat!ons wrbhc were s%'ll
protected by foam at the end of tho test. The highest temperature reached was
5110? at a location 0.8 inches downstream of the perfor#tlon (T.C. 012, Figure 27).
For this location, a maximum heat flux of about 60 b/ft' sec occurred at 3.5
soconds dating the ru.

SECRET



- SECRET

k, J IT I e IN I

II

00 I 4

"__ "11MT4 AN A. IN

Figure 33. Reuts l Usi Rocket Exhaust JbtriW Heating Tests
for n& e rforations andI No Venting

• ' SElESE

I -- T

Som e'Aciwi. UMi OF 9. 1as

OW w
a, "Orrg osi a a pm w o, uecaq

Figur 34C Hoat mmi DstribWIms for Nfta Tests

SECRET



SECRET
Some idea of the relative protW.tin afforded by the foam can be obtained by

comparing structure temperature rises for corresponding locations for Tests 2 and
5j as shown in Figure 35. Care must be taken in interpreting these results, since
a longer test time obviously would have caused more structure to be exposed, with
subsequont significant temperature rises. Thus, the foam serves as an energy
absorber to provide a time delay in the heating of the structure. The thermal per-
formance of this particular foam (Hetrofoam 368) in the Malta Pit Four environ-
mort can be characterized by an average heat of ablation Q*, defined in the usual
manner:

Q*

in which " heat flux to foam surface

lh r rate of mass loss per unit surface area
(ft * n ., where t - foam ablation rate)

The value of Q* was computed In. wo ways:

0 The toWal volume of fqrn ablated was estimated from Fiure 35 to be
approximately 0.13 Wo or a weight of about 1.0 lb. The rate of energy
inpot to the foam was assumed to be the same as the value of OW for
Teast2 giving a total of 1350 btu added during the 10 second run.
Thus, the value of Q is simply 1350 btu/lb on this basis.

* The local heat flux at the deepest portion of the foam cavity was
asumed to be 60 percent of the external heat flux, based n cavity
hatin correlations. For this assumption, n 200 btu/ft see at a
point wheret 2.6 Inches/S seconds aw0.5 in/sec. Equation (3)
yields Q* a 1230 bin/lb for this approach. Since either method of

HtIMMtng Q* Involves rather gross asemptons, a reasonable esti-
mate of Q* for the foam of this particular test appears to be 1300

btn/ib * 20 percent.

The temperature responses of the calorimeter slugs on the downstream
surface of the perforations 'or Test 1 and 2 (W"gre 12) were used to determine
initial heat fluxes nar the beginnn of the test rus (0 -0. 5 seconds). Laminar
and turbulent theoretical predictions were also made, ,isiag the approximate
method describted earlier in Section I. The results are tabulated below-

Teat number 1 2
Perforation diameter, inches 2.5 4.0
Calorimeter (" Figure 12) A B A B
Mmured heatflux, btA/ft2 530 650 550 650 550
Tenwerotcal beat flux, btu/fta sc

Laminar 285 ,70 300 180
Turbulent 465 3"0 470 380

The magnitude and dtribution oi measured heat fI suggests that the turbulent
theory gives a better preoietioa then laminar theory, despite the low value of Re
(om the order of 1. 5 z 10'). The measured values exceed the turbulent theory bW
ao't 40 percent, perhaps due to the high degree of turbleace and fluctuations In
thi rocket exhaust onvironhent.
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Fl~re 5. ffct f IteralFam- on Structure Temperature Rises

for Typical Thermocouple Lec~atlomI ~The internal pressure histories of Tests 1 through 4 show an interesting
trend (see Figure 36). In all cases, the Internal pressure rose to a maximum dur-
Ing the first 0. 5 seconds of ezposure, and decreased gradu~ally' thereafter duaring
the remainder of ths@test. The maiumum inteztna pressure exceeded the external

foration area; however, Test 1 Joes not follow thbn peftern. By the oud oi tlas runa,
th ratio of Interna to external prosaure lad decreased to approximately L.1, in
ingree-at with the AIMC test values.

The lInernal pressure history for Test 5 Is also shown in Figure 36.
CAWl rise in pressure was observed on three of the pressure taps, dae to the
prsamce of the foam. However, one pressure tap gredusily rose dharing the test,t ja~~~dcatiag tha a slow leakage pdah axisted through the foam at tWW location. Post-
tes Inspection of the model revealedi tht hl pressure tap had become ezposo4 by
the end of the test.

couples oth noastutrad10thermocouples lctdwti h om
Thee' latter th _oople will be supported by rods threaded into the structure
and should Indicate approximutio foam ablation rates daring the tests.
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Ur CORRELATION OF AEDC AND MALTA INTERNAL HEATING TEST DATA

FOR SNGLE PERFORATIONS

The review of the ALM And Malta internal heating test results givenabove his shownw that the Internal heating due to single perforations can be pre-

dicted reasonably well by the Chow-Korst turbulent shear layer theory, provided
that a reasnable estimate is made of the temperature ratio Tb/Tse. In Figure
10, the AEDC results were seen to give excellent agreement with theory for
Tb/TS - 0. 3. In Figure 33, the Milta results were seen to agree reasonably
well With theory for Tb/TA l 0. 3, but with considerable scatter, due primarily
to perforation shape effeca. Based on these observations, it is apparent that
Equations (2) and (3) can be used to deduce the following dimensionless correlat-
inm •nrameter *' for rate of Internal energy absorption by the walls oi a singly
pert.io•,:.-d compartment:

PUAWY(5)

in which the term containing Tb/TBe has been dropped by assuming it to be ap-
proikfateky constant. The value 0112 (rp requires a considerable amount of
cplculWon for each test coniUon therfore it iW more convenient to eliminate
, (ij) by the approuimation 12 (nj) - Ci. 25 which wax derived empirically from
eval~adlon o2 (1" ) for Tb/t 0# 3 in the manner expalined in Appendix A.
With this substituflo, Equ8 ±lbg (5) becomes:

#U ,
The test results of FIgurep 10 and 33 are presented In terms of 4' according to
Eq~atIon (6) plotted vs perforation area A in Figure 37. It is seen that the choice
or achieves a reasonable crelation of data fo• tm widely dlfferent environ-
mentsbslv* vakmsof Q which differ by more than an order of magnitude. it is
not surpriesu t at the Malta tests with a bevelled snmuIued perforation and an
aetual impact perfarson deviate somewhat from the mean correlation line.
Other scatter must be attribAted to experimental error and the effects of variable
Tb/Zg..

Thi mean correlationli shown in Figure 37 yields tha following

W . (/)
SECRET -.
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g in Which:

*W rate of heat absorption by Iiterim. structure, btu/sec

V isentropic expent of the test medium

p - loal external static pressure at perforation location, p"

U - loc external velocity at efe of bwomdary layer, at perforation

A - perforation cross-section area, in2

C a Crocco n aber a -ha

as* d&ad . eld~lo halpy, btu/ll*
a je ,,dn Wml • tIty parameter

J. mdmclC eqdvaeit ad beat M ft. -3/btu

SECRET HI-



"SECRET

The values of the variables used in evaluating ' from Equation (6) are listed
below for each test environment:

AEDC Tunnel C Malta Pit Four
Model of Fig. 1 Model of Fig. 12

V 1.4 1.2

p paita 0.22 22

U ft/sec 4600 6000

C 0.955 0.50

. 35 15.5

ii alý:knate method of o ., interial heaflai data dui. to a single perfo-a-
tion vwA proposed in Riference 6. This method was based on the fluctuating
shear layer concept of Charwat et al (Reference 8), which led to the relation:

dEde - QW -PUhs A (8)

By use of perfect gas assumptions, Equation (8) can be written:

Q •- pUA (1+ I2  M12) (9)

In Lquation (9), M1 is the local external Mach number; other symbols were de-
fined in Section L Equation (9) suggests that the proper correlating parameter
would be:

I.-'
-1 pUb (I + ";11 MI•)

rather than * of Equation (6). When Equation (10) wus applied to the test results
of Figures 10 and 33, the Malta tets were found to yield values of *' which
were an order of magnitude Uigher than the values cA *' for the AEDC tests.
Therefore it is concluded that shear layer fluctuation effects are secondary to
the baic shear layer energy exchange mecha•ism which was the basis for Equa-[ tion (7).

IV. THERMAL KIL OF RE-ENTRY VEHICLES DUE TO SINGLE
PERFORATIONS

A. Introduction

The thermal kill od re-entry vehicles due to single perforations can now
be investigated by means of Equation (7) developed above. The following am.mwi--
tions are made:

SThe re-entry vehicle compartment which is perforated is a sealed,
unvented compartment whose wells can withstand any pressure dif-

* ferential caused by the perforation.
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* Thermal kill occurs wheu the average structure temperature reaches
the structure melting point

The effect of perforation enlargement due to re-entry heating is neg-
lected.

Before proceeding with the analysis, some discussion of these assumptions
Is warranted. The first assumption is made from the standpoint of the defenseI system designer who lacks detailed intelligence lWormation concerning internal
bulkhead and aft cover thicknesses and materials. If first-hand knowledge of
such itormation in available, as in the vulneralility evaluation of a U. S. design,this assumption can be relaxed in favor of a stress analysis to determine pres-
sure stresses. It is quite conceivable, for example, that the vehicle aft covervi uld be vented to waka pressure to permit a lighter aft cover design. In this
case., a perforation of the aft compartment would result in greater internai ihza-k tuhn predicted by Equation (7), due to the effects of venting. Further, the
internal pressure buildup may be sufficient to blow out the aft cover, whether or
not veuting exists. The resulting large mass flow through the aft end of the ve-
hicle could then lead to serious thermal and aerodynamic effects.

The second a4smption is made for the purpose of simplifying the analysis.
Previous structural studies reported in Reference I showed that thermostructural
fjaUlur wv49 actally occur at a structure temperature somewhat below the melting
point; however, the rate of temperature rise is so great at this time that the
melting temperature would be reached very shortly thereafter. Hence the melt-
W temperture is used as a matter of convenience. Another aspect of this as-sumption is the neglect of local hot spot areas such as the region directly opposite

•i the perforation. The heat flux mais of Figures 3 through 7 and Figures 29 through32 indicate that r. large section of the structure opposite the perforation will prob-
ably have melted before the average temperature rise reaches melting. More re-
fined thermostructural kill calculations considering this effect will require addi-Idonal structural studies of the type described in Section VL.

The third assumption is made both as a matter of convenience and lack of
knowledge. Inauff.clent data exist at present to define the rate of enlargement of
single perforations •or realistic re-entry heating conditions. The only results
obtained for single pe rforations are Malta rocket exhaust tests of Reference 4 and
the present Malta Test Three. These results indicate widely different enlarge-
wuent rates, with the condition of the downstream surtace of the perforation ap-
pasently being of prime importance. Neglect of the perforation growth is, of
course, conservative from the defense system designer's viewpoint, since con-
sideratio of this effect would promote earlier failure.

The raiv. of average temperature rise of the at ichue of a perforated
ompn Is well-apro• mated by the thin-wall heat flux relation:

it;. (11)
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in which:

T - average structure temper3lure

0 - time

W average heat flux to structure

SP - density of structure

Cp = specific heat of structure

t - thickness of structure

M&s svNerage heat fiwiu& r, U, defl r- as*

74 - (12)

in whicbh

QW - total rate of energy absorption by structure

As - total surface area of structure

Sinegrating Equation (11) from time@O to time 02, W substituUng Equation (12)

tor uand Equation (7) for QW yields an expression for the average structure

temperature rise ft, assum••g perforation at time 81:

L2 v pUAC 1 .2 5 d@
, 0.4 0f p P (13)

Assuming all quantities excipt p and U under the lUAepral sign to be constant skt
their average values between 01 and 02, Equation (13) can.be rewritten

0.4K X 1. 25 A a 2
S'1 = tap d (14)

in which the ratio A/V2/3 has been itroduced by the substitution:

V2/3 (15)

with V being the lnternal volume of the pe'rforated compartment.
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For a given vehicle flying a glvea trajectory, Equation (14) gives the

value of the average structure temperature rise at the time 02 due to a perfora-
tion at the time 61. For a thermostructural kill, AT must eqzal AT , the
temperature rise to melting. I reore Equation (14) yields the folAQrn expres-
sion for the critical value (A/rV&/)crit required for thermal kill at 'me P2 due
Sperforation at time 01:

A ~~(P"-pt ATm) ;J (6

(VT)crit .4KAlf aI PUd

C. Results

Equation (16) was evaluated for a high ballistic coefficient vehicle such ab
the C-I target vehicle (Rederence 1) having W/CDA = 3000 lb/ft2 and a semi-
vertex ccane angle of II degrees. The following values of T, ;, T, and t are
AppNWOPrte:

= 1.3 K = 0.16

37 C 0.95

The C-i trajectory of Reference 11 was used to compute the time variation of
cono pres.are p and velocity u needed to evaluate the integral in Equation (16).
The results are represented in generalized form in Figure 38, which is applicable
to any size vehicle and structure design having the given cone angle O V, billistic
coefficient 0, and re-entry conditions of the C-I vehicle. Similar curves could
be plotted for any combination o OV, B, and re-entry conditions VE, yE.

Results such as those of Figure 38 can be used to generate curves of lethal
perforation diameters for thermal kill as a function of intercept altitude, kill
altitude, type of structure, structure nmaterial, structure thickness, and vehicle
lengt h.Examples of such calculations for the C-I type of vehicle are shown in
Figures 39 and 40 for an Intercept altitude of 60, 000 feet and thermal kill by an
altitude of 30, 000 feet. Mobocoque and honeycomb sandwich structures are con-
sldered, with steel or aluhtImm as the material. The structure thic.nest ro-
quiroment was asumed to v4ry in direct proportion to the vehicle length, with
the design thicknesses for the C- I vehicle length of 23. 5 feet being obta•ied from
Reference 1.

Figure 39 shows results for a perforation of the forecone region, while
Figure 40 shows results for a perforation ofthe aftcone region. Equation (16)
yields the scalrig relation:

S- A - L/ 2  (17)

where L is the vehicle len&th foo the asumption that t - L. Therefore the
letIal perforation diameter for thermal kill Is seen to be relatively sensitive to
the size of the vehicle. A vehicle the size of the C-I design is seen to require
i ,Atively large perforation diameters to accomplish thermal kill, while vehicles
of smaller also can be killed thermally by more modest perforation diameters.
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FIgure 40. PerforaUMt Dameter Required to Cause Thermal Kill by 30,000 Foct
Altitude for Interoept at 60,000 P'oot Altitude - Perforation In Afteone

The effect of Intercept altitude on lethal perforation diameter for a given
kill altitude Is shown In ftgre 41, for a perforation in the forecone region of a
10 foot long vehicle. It.s "eon that little is pined by Intercepting above 60, 000
feet alttude, due tb the relatively low pressure and heat flux at this altitude.
However, lethal perforation size begins to Increase sharply for intercept altitude
below 60, 000 feet.

Since the correlation of Peraechino (Rderence 9) for hypervelocity impact

peroratlioa of re-entry vehicles structures ibdicates that:

D -mo* 6  (18)

where m is the mas of the attacking fragment, it follows from Equation (17)

that:

m - L (19)

in other words the lethal fragment mass required for thermal kill Increases by
a actor of (2)4K 17 - 18 for a dowbdg o the vehicle length. For example, the
applicat•ou of Peraecbino's correlation to the C-I type of vehicle gives the follow-
ing result for alumimam honeycomb suadwich structure and an assumed heat

eDd thlcleeas of L 0 Inch:
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Vehicle Location Of Lethal Mass (grams)
Lenth (ft)a for Thermal Kill by

Length W Perforation 30, 000 ft. *

10 Forecone 4
20 Forecone 70

10 Aftcone 50
20 Afvfote 900

*for Intercept at 80, 000 It, at 25, 000 ft/sec relative intercept velocity.

Thwie results dramatically illustrate the importance at accurate intelligence
idornzation regarding the size of the hostile vehicle, when sizing the fragments

in a particle Impact defense system.

ii20

I OF FM3. 39

0 20 4o 6o 60 loG 120

• ~~INTIERCEPT ALTITUCF., KILOIP,"°T

I Thermal Kill by 30, 000 Foot ALtitude - Perforation in Forecone; Liml0 FeetI0
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V. AEDC TUNNEL D ORIFICE FLOW TESTS

A. Introduction

The theoretical solution for the internal pressure response of a perforated
compartment requires knowledge of the effective flow resistance C the perforation.
Since the external flow approaches the orifice roughly perpendicular to its axis,
turning losses exist which must be considered when applying orifice flow relations.
Further, the external flow is supersonic over most o the vehicle surface, leading
to shock losses upon impingement on the downstream lip of the perforation.

In previous work (e. g., Reference 10), inviscid Prandtl-Meyer expansion
theory was proposed to provide a first approximation to the orifice flow rate for

, rnic tangonttil 1pprcmh flow, Since no exrerimental data were available
In the open literature to verify this technique, a series of wind tunnel tests were
conducted at the Naval Ordnance Laboratory to determine flow coefficients for
various orifice geometries and pressure ratios. These results (reported in Refer-
ence 11) showed measured values which fell well below the inviscid theory for
small expansion aqgle. (P2/Pl > 0. 6), presumably due to viscous effects. How-
ever, inconsistencies in the effects of orifice diameter were apparent, and data
were obtained only for one supersonic Mach number (M1 = 1.5). Therefore a
more extensive program was undertaken in AEDC Tunnel 0 to corroborate and
extend the NOL results. The objectives of the program were to obtain:

0 Extension o flow coefficient measurements to Mach 5, including
actual impact perforations in addition to drilled orifices.

0 Probing of jets developed from supersonic tangential approach flow
expandirg through orificer, to determine jet shape and velocity profiles.

* Photographs o expanding jet flow directions.

B. Test Procedure

The tests were performed by mounting a pressure-tight box having a volume
of approximately 2 cubic feet to the tunnel side wall and placing various orifice
inserts in the side oi the box which formed part of the tunnel wall. Schematic draw-
ings showing top and front views of the set-up are given in Fibrres 42 and 43, res-
pectively. Steady state flow rates were established by evacuating the box to the
desired pressure ratio. The flow rates were measured by a calibrated flow nozzle
in the vacuum line. The static pressure upstream o the box was measured by
a pressure tap located 5.81 inches upstream of the test orifice centerline. Static
pressure within the box was determined by the average of 6 pressure taps. The
major portion i the data showed variations of less than * 2 percent among these
6 readings for a given setting.

PItot pressure surveys of the expaneing jet withirn the box were obtained

survey rate containing 17 probes (Figures 44and 45). The rake head could be
rotated aboat two axes (0, 0 in Figure 44) and could be moved anywt-ere in the
box. The probe tubing was stainless steel with an inside diameter of. .50 inches,
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A survey rake was also located inside the tunnel test section oan the tummel

wall 8. 13 tiches downstream of the tast orifice centerline to measure tUnnal bound-
ary War profiles.

Flow vtsuallaatlon by meoas of Schlieren pbotoga wasn attempted; how-
ever, the densities were too low for the flow to be seen. As an alternate maurae,
a horisontal splitter plate shpened to a katie edge was placed perpendicular to
the orifice od om the horizontal diameter (FPigz 13). Phosphorescent oil was
sprayed an the plate before esc +eet, The jet produced daring the test caused the
ol to run nt steM . After the'test, the plate wA removed and photograped In ultra

The test.matrix which was followed Is shown in Table 3. A typical orifice
1a*.;,t is shown in FFigu 41 xprlor to Instalatio:. in the tunnel. Views of t, in-
"eris Containing actual Impact perforations a given in Figures 46 through 40.
The nominal test conditions for each Mach number were as follows:

jgM 1.47 3.00 5.01

Tunnel Po p"s 60.1 43.7 14.16isservodr

Condition s40 o0 $40

TASLE 3. OWIFICU FLOW TEST MATRIX

Oaif Plu MahatearMCodluaf Dik D Thldkmee t/DbD e Dg" 1.47 8.00 5.01* Ichs(___n___) t_

1A 1.0 0.2 0.2 90 XPIXP
15 1.0 0.5 0.5

23 1.0 1.0g 3.
U 2.0 -' .i3 2.0 1.0 0.0

K -sl t mas 1f 0 tZIA 4. 0.t5 go, INl. .
i 45t, daee for e lt oV. . Note I Xa xa

t. 4-4" P 5 0 Ne X

| X - Wass flow rates were meaured for this condition
| ~~~P - Jet survey Vasm woltn for two condition ,
•(W ffctlv* diameter for equivalent circular ar"D
( Note 1. Impact pa..l"ratlanc (rip.as 49 aud 47) uaud by 1/4"1 D. aot•I

Aspere At normal tnIdence at 17, 360 ft/ec In 1. 0 inch molded.kooi iWIM n•,, d to 0.25Iw la g bic p structure.

Note 2. 1p00t POaONVA (Figures 48 AM 40) Caused by 5/16" D. steel
aphore at normal incidence at 15, 365 ft/Mee in 1.0 inch molded
SdiT phenlic 0.5otubondedtocO. 5inhAI I trturc.
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C. Flow Rates

Graphs cd measured flow rate vs static pressure ratio across the orifice
are given in Figures 50 through 55. The basic flow rate data for orifice diameters
of 1.0, 2.0, and 4.0 inches are given in Figures 50, 51 and 52, respectively.
The data it U 1 - 5 for D = 1.0 Inches were omitted from Figure 50 because of
obvious Inaccuracies due to the low magnitude ci the flow rates being measured.
It Is seen tWt variations in orifice wall thickness t bad relat~vely little effect
on the flow rate.

The effect of orifice obliquity is shown in Figure 53. The effect of tilting
the orif axis 30 degrees In a downstream direction as shown in Figure 53
(0 8 60 degrees) is to increase the flow rate from 20 to 50 percent over the values
for 6, ... 90 degrees. Tbhs -Is ptobably d& to the reduced shock losses
ass~oiated with a smaller flow turning angle.

The flow rates for the two Impact perforations are given in Figures 54 and
55. A comparison ct these two figures shows that the flow rate for the larger
perforation was comparable to that for the smaller perforation, despite a differ-
ence ci a factor of 3 in their flow areas. This result appears to be attributable
to the added flow resistance of the "orsage peul" condition cd the aluminum struc-
ture o the larger perforation caused by Impact. The magnesium structure of
the smaller perforation does not exhibit this orange peel effect, but shears in
a straight b fashlun.

In Figures 50 through 55 the reutio in flow rate as Mach munwbr Ul In-
creases is not a true Mach number effect, bht is caused by the lower static preo-
sure upstream of the orifis associated with expansion from reservoir conditions.

Initial comparison of measured flow rates with theory consisted of a calcula-
tion co the flow rate based an isentropic expanslon theory for the given test condi-
tions. This method yielded the solid curves laIelled "Inviscld Theory" In Figures
50 throuh 55. Thes curv*s were computed using from the continuity equation:

m -P 2 U2 Asln~v (20)

In which:

m - mass flow rate through orifice

A 2 density after expansion to

U2 - velocity after expas•ion top 2

A - orifice cross-section are

Au a turnia angle of flow In expandin from p, too tl

The quantftlts 02, U2 , and Av were determined from the isentropic tables of
Raeference 12ftotV 1.4, for a flow ex•.dIng from M1 . Ito seen tlat for
the basi dta for D 1.0, 2.0, and 4. 0 Inches (Figures 60, 51 and 52), the

esures flow rates fall far below the Inviscid theory. This circumstance
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is due to several possible causes, e.g., viscous effects due to the non-uniform
velocity of the approcach flow boundary layer, entropy losses due to Impin~gement

shook waves on the downstream orifice surface, and three-dimensional flow
effects.

In an %Jort to improve the theoretical prediction of the data, an approximate
method at allowing for viscous effects was devised. In this method, all the air

r striking the downstream edge of the orifice is assumed to enter the orifice as
shown in the sketch below.

The limfitln. streamline which just hits the top corner of the downstream edge
ib a"sumed to have expanded through an angle Ai' corresponding to the local
Mach number in the boundary layer at the particular height y* c the limiting
streamline. This height y* is simply X tan Av, where X is the chordwise
dimension acroas the orifice. Since X varies across the orifice, y* and Av
must also vary. For purposes of simplification, it was assumed that an effec-
tive average value of y* is given by:

y* a 0. 8 D tan Av (21)

in which 0. 8 is a weighting factor to allow for the three-dimensional character
of the flow. T7e flow rate enitering the orifice per unit depth into the paper is
then given by:

m o Ud (22)

whereas the corresponding inviscid value is.

Mrinv " P. Us Y* (23)

Rance a viscous correction factor K.ý, may be defined:

M dE E (24)A.iv 7 g f i
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The velocity profile was taken as the standard turbulent power law with n = 7:

w 1/7(25)
e

and the density profile was determined from the Crocco distribution for a per-
fect gas and adiabatic wall conditions:

V- 2 ~-
PIPe I i+ Me [ _~)2]~ (26)
+e Y' _M [e

.. !,,,on t(24)for KV was -iuated using Y 1. 4 qnd the following measured

values of boundary layer thickness 6:

M 1 =Me=1.47 3.00 5.01

6(inches) = 0.75 0.80 2.50

The corrected theoretical flow rate was then determined from the definition
of Kv:

-'Fm 1 ~~(27)

in which minv corrosponds to m of Equation (20) in the inviscid theory. The

resulting values of m are plotted as dashed curves labelled "Viscous Theory"
in Figures 50 through 55. Excellent agreement between measured flow rates
and "Viscous Theory" predictions is seen to exist for D > 2.0 inches and MI >
3.00, for normal machined orifices (Figures 50, 51, and 52). No "Viscous
Theory" is shown for D - 1. 0 incheg at M1 - 1.47, as all of the flow was sup-
plied by the subsonic portion of the boundary layer, for which the turning angle
AV cannot be determined by the present method. The excellent agreement ob-
served for normal orifices ýs admittedly somewb•t fortuitous, as the "theory"
does not predict any effect of orifice obliquity, which is obviously not the case
(See Figure 53). Also, Figure 54 indicates that an actual im.pact perforation
may give flow rates comparable to inviscid theory, being several times larger
than the viscous theory prediction. This is due to increased flow rate caused
by initial expansion in the outer surface spall area prior to final expansion
through the orifice throat (See Figure 49). This particular conclusion applies
only to an impact perforation of the Configuration 4A type, in which no petalling
of the structure occurred. As seen in Figure 55, Configuration 4B (having
structure petalling) gives a reduced flow rate due to incr-ased flo,, resistance
caused by the pctalling. This effect approximately canc' i the increased flow
rate due to outer surface spell, resulting la reasonable agreement of viscous

tI *Ij WUi A~"r 1iL.UW £a~es.

The sensitivity of orifice flow rates to the approach boundary layer
characteristics shows that no simple, accurate method exists for predicting
these flow rates, even for machined orificeb. An approximate theoretical
method has been devised which agrees well with experiment. and which also
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appears to be the best way of estimatir4 flow rates for impact perforations
having petalling of the structure. This method was just developed in detail

for the case of an adiabatic wall boundary layer, as existed in the AEDC tests.

For the highly cooled wall boundary layers typical of re-entry conditions, Equa-
tion (26) must be replaced by the complete form at the Crocco distribution:

If!+inwhich To/T,,- I + 7-_ Me . To alow for real gas effects, msea

effective value chosen to match the local state conditions.

Total pressure profiles woer measured in the expanding jet entering the

box for salected configurations, as indicated In Table 3. Surveys were made

at several axial locations L along the jet, at 45 degree increments of the circum-

ferential angle 0 (Ste Figure 44). Typical pressure profiles are shown in Figure

58 for 0 - 90 degrees at several values of L, for a 1 inch diameter orifice at
U, a 1.47 and P2/P 1 - 0.0938. * Lines of constant Mach nuraber are superposed

on Figure 56, at corresponding values o pressure ratio. A plot U constant
Mach number contours Is sbowm In Figure 57 for the same configuration and
test conditions. This plot dcatas that the jet is already beginning to approach
av% axisymmetric jet at only 0.7 5 inches from the exit plane of the orifice. The
profiles show, however, that the axial velocity decay of the jet is much more
raM than that of an axisymnetric jet. The actual initial jet geometry as it
is formed behind tMe shock wav at the downstream surface of the orifice is
probably crescent-shaped, ts shown in the following sketch.

'T
LIDEALIZUD FLOW

V* AREA - 1

"j~~boWITAL At, WIDTHIX
comple* A o te set of profiles is included in Reference 13.
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Consequently, the jet decay should follow a two-dimensional jet decay pattern
more closely than an axisymmetric jet decay. To test this hypothesis, an approx-
imate initial jet width "b" was determined by computing the flow area Z-f from

continuity requirements:

w Db m n(9

in which measured values of the flow rate m were used. The value cf P2U2

was computed by isentropic expansion to box pressure P2 from stagnation con-
ditions corresponding to the limiting streamline within the approach flow bound-

r a"ary layer at y*, as was the initial Jet Mach number M, before diffusion. The
.'nm Mach nunibr ,t within the jet at varioug axial distances X was

determined from the surtvey prv•Ales. These values of emas are plotted vs.
X for the M1 - 3.0 surveys in Figure 58. The jet velocity decay ratio Unux/Uo
was computed from the Mach number ratio Mmax/Mo with the assumption that
a constant stagnation temperature existed everywhere in the jet. (True because
the total temperature co the tunnel flow equalled ambient temperature within
the box.) The resulting corre:ation of Umax/Uo vs L/b is shown in Figure 59.
Also shown is a mean correlation line of two-dimensional jet decay data of Olsen
(Reference 14) for rectangular slots of 12 to 1 aspect ratio, tested at Mo U 0. 66

to W6 2.0. Olsen's data show that the rate of velocity decay for two-dimensional
J iindependent of the initial Mach number Mo, in contrast to the axisymmetric
jet. The ;orrelation of Figure 59 appers to be weak for the thicker orifice plate
WtD - 2), perhaps became of the nglect of shock losses in total pressure which
ane more predominant for thicker orifices. However, the basic jet decay charac-
teristics of jets formed by expansion of supersonic tangential approach flow through
an orifice have been shown to correlate using a two-dimensional decay law. The
use of axisymmetric jet diffusion data based on L/D would grossly overestimate
the velocity at a given downstream station.

Further insight into the characteristics of the expanding Jets was derived
from a study of the oil film pictures. Typical photographs of such patterns are
shown in Figures 60 through 63*. In Figure 60, two sepzAate jets appear to inter-
sect each other causing a mutual deflection of Zheir flows towards a common
'final direction (see Aetch).

•: 02

* . complete set of oil film photographs in inluded in Reference 13.I SECRET• H-54
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Ths Pattrn occurred whenever the static pressure ratio p2/p! across the orifice
was redmed low enou such thet Ow P raM-Wyer eaeslous angle vwa sufficiently
largp to permit some of the flow to dster the bow withAs first compressing a , t
tdo dwntresm edp of teo rifte. In contrast, Mruv 61 shows that whenafm/p
was close to unity, such that the Pl r W-Meyr sipston angle wa small, aU of
the flow compresses agast the down stream edge of the orifice, and then turns
90 degrees to expand into the box an illustrated in the following sketch.

Figure 62 shows that for a thicker orifice plate (t/D .0. 5), the flow was actually
turned b"Ac upstream alightly, apparently due to the asymmetric effect of thelonger solid boundary during initial expansion of the jet after compression agtnst

the downstrem edge of the orifice. Figure 63 shows that the jet direction follows
the orgies Inclination for an oblique orifice o 01 60 degrees.

e must be takon In Interpreting the oil flow patterns. When the tunnel
flow was stopped after each run, the test pressure suddenly built up to atmospheric
whl the x pressure remained low. This sudden large pressure difference

d flow into the box parallel to the orifice axis, resulting In a "shut-down"
oil flow superposed on the oil flows obbhined during the run. Thus, the faint
lines parallel to the axis in Figure 60 should be disregarded.

MThe dW3lctwo0 the entering flow through a 90 degree ar•le for p2/p 1
observed during these tests Is in full agreement with the location 0f the m•a•mum
het fIU• for the AKD and alta ntemnl hbeating tests discussed in Sections I

Anaysis 0f the AS= orifice tests is complete. Future study in this
area will consist 0f a re-exrunnatlon of the NOL orifice flow coefficients, and
an aplication of the present results to the anmlysia 01 the previous and present
series 01 hilta toets, as well as Wallops Flight Test Two.
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VI. STRUCTURAL STUDIES

A. Introduction

Previous investigations Into the types of structural failures associated
with hypervelocity impact damage dealt with the effects of a nose puncture causing
high internal pressures, and a cone puncture, in which uniform heating of the
structure was assumed.

The present investigations-are concerned with the effects of openings
caused by impact or by local melting subsequent tn impact, with no substantial
pressure differential present acroso the wall of the re-entry vehicle. Fa'jure
under these conditions Is due to loss of section ard/or general instabilit• of the
structure under re-entry loads. The overall objective was to develop & semi-
e-,ril.al method of pedcir'. the residual strert•h of a cylindrical dection sub-
jected zo a rather large, unistiffesed opening. A minimal test program was con-
ducted in support of the analytical efforts.

B. Failure Modes

While it is apparent that a particle meeting a re-entry vehicle with high
velocity can produce an opening of various possible geometric description, certain
ground riles were established in regard to the type of openings that should be con-
sidered in a preliminary evaluation of the structural consequences. The primary
ground rule was that the structural effect of a random opening could be approximated
by considering roctmgular, circular, or elliptical openings, or combinations thereof.
It also in very likely that any enlargement of the initial opening or creation of new
openings due to thermodynamic effects will follow these same classes of geometries.

On this basis, the openia.. selected for investigation were rectangular or
circular, or combinations thereof, with axes running axially and circumferentially.
Generally speaking, in the investigative studies, one dimension of the opening
would be held constant while the other was gradually increased so as to simulate
the structural deterioration associated with the thermodynamic enlargement of the
original puncture.

Openings that are largely axial in nature. that is, having the length of the
opening several times greater than the width, can be caused by an original punc-
ture enlarging in the axial direction due to re-entry heating. The most likely
mods of failure would be through the general instability of the sectio under com-
pressive re-entry loads. The increased instability effects would be magnified by
any loss of section related to the circumferential size of the opening.

Openings that are large circumferentlally and snmal ayially are of lessii Importance due to the decreased likelihood of their occurrence. Such openings
could be formed by a penetration immediately forward of a heavy ring or bulihead.
If the heatir g effocts could not burn through the ring, then ie opening would en-
large circumferentially along the outer perimeter of the ri.W. Failure Ii such a
case could be c=used either by Instability or loss of section depesndig primarily
on the axial length of the opening.

Rectangular and circular openings which combine to form key-hole shaped
openings are also considered to be important un the basis of results of thermody-
namic tests (e.g., see Figures 17 and 20 of Section II). The complexities of such
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colmbntions necessitate experlmentai determination of their structural conse-
queuce.. While It is anticipatedthtarteelbaetstpoamwude
necessary to dbvelop any rlal obdo ae-n h tedn euto
In structural capacity, teminimal structural tetn usqetydescribed
provides valuable Informaition o eea ye foeig nclnrclseiee

C. Description of Test Program

Tedt Qeimens

Test specimens were fabricatedfrom, sheat Dupont Mylar, Type "A", by wrapping

seam. of approximately 1/8inhiwit.Tesa = rwsefcedbuig
* twat c~urable Yu Aahsv 48 n rsueaogte"mapidb lms
The oui1re assembly was wbjteeLL~d to eien cure W4 1/2 hour at a temperaturi- of
125O3I'. After cooling, teasml a nlmetemnrlwsclasd
aw the cylinder was removed. Openiaigs In the cylinderwalercuwihn
X-Acto kicufe and satiable templates.

The ease of fabricating the Mylar cylinders and theexptoaelsi

properties at tbe -a eial makes *Isyr particularly well suited to such testing.

M~ylar can 'withstand a large amount of strain without permanent met, and will re-
cover elastically o~tveral times from a buckling teaL Thus,, one cylinder would
be used for a nmbner of tests by gradually enlarging the opening after each indi-vidual teat. The behavior of Mylar test specimens up to the buckling point Is rproeseza~dve of that o.f neta specimens, Inasmuach as Mylar 4as very nearly Iotropic mechanica properties (according to the maniafacturer), and a llraear strass-strain, relationship.

Certai difficulties were also encountered in the use of sheet Mylar tofabricate the test spcmn.The fact that a lap seam was required in the fabri-

of 15 =11s. This limits the range of cylinder radius to thickness ratios that can
igadmanufacturing c p uLAR/raiof30was obtained by using forall tosamaterial of nominal 10ml hcnswihwsfound to be actually9 mle henchecked with micrometer calipers. Dimensions of the test specimens

La1.41Free length between mounting Orgs
Rw3 51Nominal radius of clnead oti.rin~s
ta.091Wall thickness

Th etsetup Is shown In Figure 64. The ends of the test specimen arehol wih ogesfixed by an inner steel ring and an outer segmented stool ring of
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Figure 64. Cylinder Buckling Test Set-up

projier rudii. The rings, with the Mylar test specimen'sandwiched between them,
are drawn together by a larp diameter hose clamp. The bottom inner ring is
rigidly bolted to thO be" plate, while the top Inner ring Is bolted to a length of alu-
minum-alloy chanosl. Load is applied to the test specimen through the aluminum
channel by means of two hydraulic cylinders. The load is calibrated by two
Baldwin-Lima-Hamilton load cells of 50 pounds capacity mounted on the piston
rods of the hydraulic cylinders and pin-connected to the aluminum channel Four
dial gages mounted 900 apart and bearing on the upper clamping ring measure the
vertical motion of the upper end of the test specimen. The dead weight of the fix-
ture elements bearing on the Mylar cylinder is counter-balanced using a bag of
lead shot carried on a flexible cable from the loading bar and over a pulley.

Each load cell output is monitored by a Bafliwin SR-4 indicator. The hy-
draulic cylinders are activated by hand pumps, the load being alternately applied
to opposite ends of the loading bar in increments that become Increasingly smnller
as the critical load is approached. Axial loading Is achieved by applying equal load
increments in a downw&: rd direction to each end of the loading bar. Bending load
results from equ" load Increments being applied in opposite directions at the ends
of the loading bar. Teuting proceeds until failure was indicated by the sudden
formation of buckles and the Inability of the specimon to carry additional load.
For each loadlpi uf a test cylinder, the readings of the fou- dial gages are recorded.

Test Procefdre

I The general proce•tre was to test each uncut specimen for both the critical axial
uand bending log& before subjecting the cylinder to the smallest desired cutout.

The opening is enlarged upon the completion of each test until the maximum desired
daonslmoa are reached.
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The narrow axial openings were 1/8 inch wide circumferentially with

rounded corners. The length of axial openings ranged from 1/2 the cylinder radiusI (1.625") to twice the radius (6. 50"). One specimen was axially tested with dia-
metrically opposite axial openings of 4.875" in length.

SThe initial circular opening was cut frum a template 1.625" in diameter.
This was subsequently enlarged into a key-hole shaped opening by adding a narrow
axial opening of 1 625" in length, making a total axial length of opening of 3. 25".
The next circular opening was than cut 3, 25" in diameter and so on. The final
opening coiside,'ed was key-hole shaped with the circular portion 4.875" in diameter
and a narrow opening of 1,625"1 in length.

D. Test Results

The per cent of origihi. structural capacity is tabulated in Tables 4 a.i ' d
for the individual cylinders for all types of openings. In the case of cylinders
with narrow axial openings, it was necesaary to average the results of the three
cylinders tested. The plotted results are shown by the solid-line curves in Figures
65 and 86. The tabulated results from the key-hole shaped openings were not
graphically represented because they did not vary significantly from the cases
with circular openings. Photographs of selected specimens are shown in Figures
67 through 70.

TABLE 4. STRUCTURAL TEST RESULTS FOR NARROW AX[AL OPENONGE
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S~TABLE 5. STRUCTURAL TEST RESULTS FOP CIRCULAR AND KEY-HOLE
S~SHAPND OPENINGS
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E. Analysi

As previously mentioned, a portion of the investigative studies consisted
of devising analytical methocs for predicting the residual strength of cylindrical
monocoque sections subjected to simple, unstiffened rectangular openings. This
is considered to be the closest practical analytical approach to the rstucturalproblems associated with hypervelocity particle Impact damage to present day

operational re-entry vehicle designs.

The openings that have been investigated analytically are considered to be
the structural equivalent of a small hole punched in a re-entry vehicle and the
attendant structural deterioration for some distance aft or circumferentlally due
to serothermal heating effects.

Existing techniques were not found that would enable the prediction of the
residual strength of cylinders with unatilfened cutouts. The analytical approach
taken was to draw ana anR!Wy between plate buckling and shell buckling in which
the percent of the original buckling strength of a plate subjected to an opening was
considered to be the same as for a cylinder with an equivalent opening. In such an
analysis, it is assumed that the area of the shell Immediately adjacent to the open-
ing will buckle in the same manmer as a plate simply supported on three sides and
free on the fourth side (which is thb: idge of the opening). The cylinder is con-
sidered to have failed when this "plate", buckling occurs. The per cent of original
buckling capacity of the cylinder corresponds to the ratio of buckling strengths of
a rtate simply supported on three sides and the same sine plate simply supported
on faur sides. The same basic method is employed regardless of whether the
cylinder is subjected to moment or axial load. The loss of section attendant to a
circumferential cutout dimension and any resultant eccentricity of axial loading is
taken Into account in all calculations.

Figurt 71 shows the actual structure and the analogous plate structure
considered In this analysis. It will be noted that the total effective width of the
analogous plate is the same for bvth the original and the weakened conditions.
This is to insure that the reduction of buckling capacity is caused primarily by
the loms of section and the loss of support at the edge of the cutout rather than
being a function of the difference in effective -idth of the analogous plates. Even
so, it is necessary to provide an estimate of the effective plate width as a function
of cylinder radius that can be associated with any cutout having an angular opening p.
This knowledge enables the comparison of the residual strength of the structure
with the size of opening as presented In Figures(65 and 66.

A short cylinder subjected to axial load tends to behave as a wide plate
column with sinusoidal buckling. Here, the effective width of an analogous plate
structure can be taken as the total circumference of the cylinder. Longer cylinders
such as those considered in this analysis which buckle In the chatcteristic diamond
pattern vvl ha-e much smaller effective widths. Severet em.nrical forriulas have
been devised tht give the buckling streng.h of cylinders a. the sum of the plate
buckli• g •t•eieth aW that aiw•suiS which is derived from the curvature ot me
elements. The one proposod by Kanemitsu and Nojima (Reference 15) Is

St 1.3 (30)
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PLATE

I ~WEAKENE COND ION
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I. ______

OPCNING

Figre 71. Aaulagam 8tructure Couaept

I b -the uffective width of origb.1 "amlagous plate" - 2bl
bum the effective width of eVAal Ow h wealmned aumgogmw plates
a the liiiwt of "anwfmaoo plate"l
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where the ( parameter Is appropriate for a flat plate. The effective width for
the cylinders under consideration is taiken as that width which will yield a simply
supported plate buckling stress equal to

OCR lEt

Since the e•ges of the ana.ogous plate parallel to the load are restrained
, from circunferenztal movement by the remaindex2o•he shell, the normal plate

buckling coefficients were reduced by a factor o . 0.701 as indicated inF Reference 16. The effective width of the Mylar tTNt'y1inders un.der axial load is
,-•)fr ted to be 3.7 inche',4 The central angle Aubtended by an arc length of 3.7"
is U6. 30, which is a reaonaile value for a cylinder with an LI/ ratio of 3. 2. As
the L/t ratio increams, the effectivc width decreases to the point where Eulerbucklin occurs unaccompanied by local buckling.

In cylinders subjected to bending, it is known that the critical stress in
lbnding Ia 30 to 40 p cent higanthe criUcal axial tress for the sauecylinder (References 17 and 18). The effective plate width in bending, bb, is then
taken to be the width of siwply supported plate associated with an axial buckligý(
stresof

-l 1. 1E(t-31(2

For a cylinder of 10. 4 inches in length and wall thickness of 0. 009 Inches,
bb is calculated to be 3.1 Inches. This method of determining the effective width
of analogous plate is, of course, empirical and approximate and should be used
only withn the limitationssetfor Equation (30): (0.1 <" <1.5; 500u I- R 3000).

U will be noted that the test cylinders do not exactly meet these requirements; never-
theless, the calculated results are sufficiently close to the test results so as not to
Invalidate the method. Of equal importance is the fact that the original condition
buckling stress predicted ty Equation (30) to "uithin the range of those encountered
eaperimentally.

The standard equation (Referenco 12)

OC A.. 3 )(3

is used to predict the buckling strengths of the analogous plates. Heoe, "K", the
compressive backling coefficient, is a fuwction of the dip.,-ne!ons of the plas and
the cowtuond of support and e0e load" . "K", "t", In, "WI are, rwectvely,
Sthe 0"Us 01 eiItiity, thickness, end koison' a ratio oi the plate material

SDepead$g an the condition and Wad of the analogos plate ud' coUn• •*(M

!!'[k•I/'''''clidercaabedtbrl a&e %,'lzal bi •or Ornbnf•i'who"e the subscripts 14L' and '"b" are applicable

SEC;RET H6
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The graphical representation of the calculated per cent of original structural

capacity is shown by the broken-line curves in Figures 65 and 66. The predicted
results for circular openings were obtained by applying suitable factors for loss of
section and eccentric loading o the results predicted for the narrow alit opening
ca"e.,

F. Discussion

It is apparent that the testing of Mylar specimens yields a rather wide range of re-
sults for the same test performed on different cylinders. For this reason It was
necessary to aVerage the results of the three cylinders te ited for narrow axialop,.t to achieve a reasonably smooth curve.

Test romuIt; ln,-kitt;ý• nn !"•creased structi.-al cpaWcity for cylinders with
narrow slit opoubgs when the length of opening to one to two times the cylidr
radius. A possible explanation for tWie phenomena is that the opening itself will
tend to reduce the magnitude of the transverse compressive membrane stresses
superimpoed after Initial small-deflection buckling. The complete absence of such
stresses in an unweakened cylinder would permit buckling ii•-E• her load pre-
dicted by small -I-"'ection theory rather than those achieved in actual testing. The
reduction o: th,, stresses may serve to increae the buckling capacity of the slit
cylinder over what would have otherwise prevailed. No attempt has been made to
account for such an effect In the deveopment of the semi-empirical method of pro-
dicting the rexldul streonth of weukmWd cylinder.

C. Conclusions and Recommo n•e ns

The ouckling failure o cylinders with unstiffneud openige Is of such a complex
nature that an eonirical or semi-empirlcal method seems to be the only logical
analytical approach. The objectie of this InvestWgation was to develop a semi-
empirical analysis for ow clas of cylinders /t- 360) under limited types of
loadings. The curves generated are not intended for specific design purposes, but
rather to indicate the general trend of decreasing buckling capacity as a function
of increasUg size of Wening.

It is difficult to estlae the scope of the test program that would be required
to fully support the desired stability studies, but certain investigations o: the type
already performed are logically indicated. Of primary interest would be the similar
test•An of W~lar speclmnes wbhin the ranges of R/t from 200 to 1000 and L/R of from
0. 5 to 6. (ther recommened follow-on investigations concern weakened cylinders
subjected to sbear, torsional, and pressure loads. More refined stidles would be
re~oqdrd to d@trm=a the interadtion cd several types of loadings.

Vi. KXM YUJWT (WAC

In a prevaog prograe report (Reference 1), a do& iriptton was gven of an
ICBM pilptack Wgk 4l*eair1ment WhIch WA3 being conduc., I on the WAC flight

* vrp =~n. Two con=paitmcznt wore 1-mnflld o= board a sharp-noaad slandeir eoaaw
which Vw to fly-an ICM traectory. Orflees hi each compatment were to have
opeed at 1B, 000 fb altde. Pressure and temperature histories of the compart-
merts were to be telemetered daring re-entry.
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Uaiittuseiy te disuived ro-.%*n CcStoW .B wren m achieved duO to

beoow nagsl~mmt. As a teank, Me ~wdarul Pressue &Wd temaUWMu rig"
wa's haptlei to #Aae" UkS tomsrtat orIlcee to ope ama no btern aet&

"M =ftI A. fl4WIL ElATIG TO A CLOUED COMPARTIftNT WI TO
A SDGIZ IWCBO~ATMO ("COUPL1ED FLOW HILATING")

S ~~it this section, an anlyt~ci) model in developed for the so-called 'coup~ed
flow hoMWI3 mecbmalsa by~ whch a caoda.! esrg av l0ax Wise place to a closed

x~ssbalwe ekbw, pas M soft of t~aforthePaoIt -4 fashion similar

whoim tOw writer is IndoMed.

Fljve A-1 depicts a rme-ety vehicl compartment which has undergs a
iaftle per'. ratIon. Ile camprtmeAt Is assumed to be pressure tigM, such that
no vanif exiels to lowar presm"r regions.

j ~figue A-1. Perforated Campartmet MAlyxls Model

Ip Fipur A-l, the Lolloul sag mbi *pluw:

V a free volame of compartuesat
2 - MAP* w rets at eargy adi Wor %hraw% the perforatgon
§W rate of sew" aboarqUam by compmrtmsd walls

4k -looadbeat 11M
Alp aIa!sfaceae

W angia gas deniety
p IWM PSema gu ital Pressure

T * aldra pi sta~ tapure dere~ s

fl1w rds ~ rIfta,'i mem rtment throuh the perforation

SE RE * drlgaseii U m)70r
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The buic couservation equation for .be compartment are as follows:

Energy: Z, a P 4di +m (A-i)

Maus: OnVar+M (A-2)

$ett.: p - P RT (A-3)

%1w existence of a net mass flow outward from the compartment is required by
msum conservatioa, Equation (A-2), to compensate for the rapid initial decrease
4"' gi density wvth time. Amalysli of the Malt rocket exhaust internal pressure
.ulstoaos (Figure 36) indcates tbat a very rapi initial increase 1i internal tari-
perature occurs, due to the low heat capacity of the mass of gas within the crw-
partment. The pressure builds up until It is sufficient to causo a mass flow rate
from the compartmont which balances the rate of mass decrease within the com-I partment. At this point, a quasi-steady condition is achieved within the compart-
"ment, such that all internal stste properties such as p, a, and T are alrinjet
constant (O /40 f 0, etc). When this point Is reached, Fquations (A-V ) and

2(A-) yield the following approximate relations:I. m 0 (A-4)

1QW - i (A-5l)
I That i, the exit mass flow rate is small, and effectively all of the energy which

enters the compartmet Is absorbed by the walls.
In Me cae of ths a tests, the quasi-steady approdmasion is achieved

withinthe first 0. 5se t the run (See Figure 3e). Thereater, the rate of
Internal pressure decrease is les than 2 psI/sec. Assuming a value of T m 3000 R,
Xquatio• s (A-2) wad (A-3) combine to yield:

2m- xr -23xr10" lb/sec

'Siuce h corresponding to 3000 R to about 2000 bta/lb for Ohe Ma rocket cxhaust
'+ mixture, It follows that:

wh - . 5 Mat/see

This rate of energy lss through mass outflow is less than one percent of t*h values
ofQwj measure4 for the Malta tests, In support of the approximation of Lquation

The~~~o pjedsei ^$I*.val ~e pressure bauido above the external
sttic pressure level is not uniqut to the current problem. Itudiss of cavity flow
%ave frequently reported th condition; e. g., McDearmon (Weerence 20) mea-
ured static pressures on the floors of rectaulWar cavities ',hich were up to 18
percent- higer tMn tho exterml static presevire.

SECRET H-71
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Havin discussed the overall characteristics of the internal heating

phenomenon, attention Is now turned to the quantitative prediction of the rate of
energy addition, Ejno which is approximately equal to the rate of energy absorp-
tion by the walls, QW, for quasi-steady conditnos. For this purpose, the energy
exchm mechanism is assumed to be that of turbulent shear layer mixing, as
proposed by Donaldson in Reference 5. The analysis of Chow and Korst (Refer-
ence 7) will be utilized, as it includes compressibility effects. The model for
the analysis is shown in Figure A-2. A uniform velocity field is assumed to
separate from a surface at X 0 0, and mix with the ambient environment below it.

sus

x

9TT6
IV re A-2. Jet MIXi* R0eglo

in Figure A-2, the owing no apies:

Ue a velocity at oter e of % region

TBe sta atal temperature at outer edge ad mixbg region

Tb a static temperatur in buse region (equivalent to Intarnai air
tmperature for perforated computment).

In As footnoto to XquatlU (13) of Reference 7, Chow and Korst show that the
eergy troader acra" the dividtg treamlin of the ixing region is givwn by
tho relatimo:

i (I- -C..... • n'-)
SST(A-6)

SECRET H7
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inwhlch:

St aStntou number (A-7)

0 a energy transport rate per unit width and per unit length along the jet
mixing region

% gas specific heat at constant pressure, at edge of mixing region

P gas denslity at edge of mixing region

Ce - Crocco number at edge of mixing region;
U

Ce - (A-8)

!2

12 A . C o. d (A-9)

.0 x (A-10)

•J value of A for dividine streamloi

Ue

"ti" wen~onel relocity (A-IS)

A S-ECR dimensionless stagnation temperature (A-12)

0a s.imlilariaty parma•,ter for co-ordinlat riyatem

The value of A Is determined by the Crocco distribution:

A a sTl-- + (I Tb (A0

The value of 0 is eeterin~ed by tlb rel•ion:

Owl (I +. er n) (A-14)

SSECRET H7



SECRET
The co-ordinates z and y are co-ordinaes in an intrinsic co-ordinate system which
is displaced from the physical co-ordinat system by a dimensionless shift Mgiven by:

.IR 2
A-COA-5

where a large value of n such do 0 1. (• 1. A gives 0 o 0. 99 5 from
SEquatlor(14)). The direction of co-ordinate shift yM shown in Figure A-2.

The dividing streamline (called "Jet boundar streamline" in Reference 7)
W!%,• s -perates the Alhid of the external stream from the fluid entrained within
the wa.• region is identifie by q, which satlafte;:

i( I~~1 J") "" 1 (f) " 12 (17R) - dA*Ce{ ei7 (~ A-16)

J. A -Ce0

inubich (A )

A study of the relations presented above will show that the value of 12 (ln,) in

Equato (A-0) is a function only of C* aWn Tb/Tae. The procedure for evaluating
2 (71) for given values of ce and Tb/TB Is follows:

. Determine qfrom Equations (A-16) am (A-17), with i1R - 1.82

Determine •,() from Equation (A-B)

It velocity and temperature profiles ia the physival plaare required, or if the
lthe dividing streamline is required, the dimensionless co-ordinate

a iM must be evaluated from Equation (A-15).

The expression for Stanton number (Equation A-6) can be converted to a
smanwlht different form by use of the equation cc state:

•~o P "e eR Te (A-18)1and the definition oi Ce: (Equaton A-8)

c~ e3 TS -WTsT
= SE'Re RTT,,.

e an 1I- (A-19)
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Substituting Equations (A-18) and (A-19) into Equations (A-6) and (A-7) yields:

Tbe s(A-20)
P - ( - xs (•) 12 "ao)

i' The rate of en~ergy addition across a perforation of cross-section area A is simply:

iSubstitutin Eclua~ton, (A-20) into Equation (A-21) and using the identity Cp /R=

v/v -1 yields the final expression for Ein

L py- PUe A (I(-2

ThUi completes the derivation a Equation (2) of Section I.

Chow and Korst do not indicate how to determine a, the mixing similarity
parameter. In a preceding Progress Report (Reference 1, Appendix C) experi-
mentally determined values of a were correlated as a function of Mich number
for data up to Mach 3. 0. In a recent article by Channapragada (Reference 21), it
was shown that the Crocco number C - Ce is a preferable choice for correlating

S,, values of a, for use when real gas effects are significant. Reference 16 also
develops a theoretical rotation for the ratio of ar to its incompressible value a *

I which for Macb numbers greatr than, 3. 0 becomes:

a 4. Ce

2Te
Curves of a are given in Figure A-3, as a function of (1-C2 )and" e . The value

of 1-C can be determined from a knowledge of the local edge Mach number Me by
the relation:

I,- C2. [I + '-, (-24)
where v must be an effective isentropic exponent, including real gas effects.

The analysis presented above does not include the e.fects of a boundary layer
Sprotile uefteam of the mixid region. Un tie actual case, Interest, a turbulent

vclocity proflen woold cx1rt upstra= of the parforatiw. The tect of au LWl, al
turbulaet boundary layer on the development of the shear layer has been treated by
Nash (Reference 22) for the incompressible case. The following values were
obWoudnd for the dividing streemline velocity ratio (U/Ue,),:

SECRET H-75



"SECRET

fl I

U." 11.540

b20 _ _

81ACRRLTM OFREP1 i-

".02 .03 .04 .06 .075 10 0.2 03 0.4 01 Q75 1.0

Figure A-3 Jet ixuLn'Parameter a

X/8 5 10 20 30 50 100 200
( D/Be)W 0.20 0.31 0.39 0.44 0.48 0.525 0.57

where X - length of separated region

and 6 - momntum thickness of upstream boundary layer.

It can be seen that (U/Ue Do Is uymptotically approaching the inviscid mixing
value of 0. 58 derived by Tolien and x/O increases. In most cases, the perfora-
tion diameters required for thermal kill Will be sufficiently lerge such that X/1
is On the order of 100 or greater. IU would appear that viscois approach flow effects
on Equation (A-22) would be aneligible. For the AUDC tests discused In Section 1,
x/O varied from 125 to 570. For the ]1alta tots.discussed in Section U, X/1
varied from 20 to 445. Thus, little effect of initial boundary layers should have
been present in these results.
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SUMM-.RY

Management and coordination efforts undertaken by ARAPin assisting NRL in the monitoring of the Aerothermal Phase
are reviewed, including a brief discussion of recent results
and their implications for future program requirements.
Theoretical and experimental basic research carried out by
ARAP during the subject period 13 described and the results

j are diseuesed.
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INTRODUCTION

Research programs conducted at ARAP during the past
half-year have included theoretical and experimental studies
of basic flow phenomena associated with aerothermal kill
mechanisms. As a result of these and other studies by other
participants in the Aerothermal Phase, particular emphasis
has been placed on solving coupled flow problems, including
consideration of vehicles ha.rdened by means of foam filled
interiors. In addition, ARAP has continued its efforts in
assisting NRL in the management and coordination of the
over-all Aerothermal Phase program.

MANAGEMENT AND COORDINATION

The effort to provide assistance to NRL in the manage-
ment and coordination of the Aerothermal Phase has been
maintained during the past six months. In addition to theusual liaison duties, this effort has included several meet-

ings among personnel of the participating companies and
agencies, at which time current problems and the results of
test and analytical programs were discussed and evaluated.
An Important consequence of the test results during this
period has been the increased effort directed toward under-
standing the mechanism of coupled flows. It has been shown
both experimentally and analytically that the heat flux t
>the vehicle interior under such coupled conditions (A/V2od
t 1e many vimes as ireat as that for uncoupled condi-
tions (A/.2/n < .01). A flow mechanism which can be shown to
account for heat fluxes of the magnitudes observed has been
developed and verified experimentally by means of heat flux
mapping and flow visualization techniques. Details of this
mechanism, which involies a combination of free shear layer
and Jet impingement effects, are discussed in a later section
of this report. Plans for tests to be carried out by other
groups under the Aerothermal Phase (GE and NASA) have been
directed-at providing data specifically pertinent to this

.,'Pr"oblem. 'n addition, because of the important role of Jet
/�,"impingement in the coupled flow process as it is now defined,

, .• a program of hot Jet (air arc jet) impingement experiments
has been initiated (AVCO). Data resulting from these pro-
grams should pm.vide the basis for an extension to high
temperature regime's of semi-empirical method& wnich are being
developed for predicting Jet impingement, wali Jet, and free
shear layer heat transfer characteristics.

Of equal importance to the over-all program is the prob-
...lem of possible counter-aerothermal measures in the form of
ligbt weight foam packing in a vehicle's interior. DuringI the past six months, plans for a thorough study of the
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behavior of such packing under aerothermal conditions have
been formulated, and some preliminary tests under simulated
environment conditions have been conducted (GE). In addition
to the continued monitoring of such studies by other partici-
pants, ARAP plans to conduct basic theoretical and experi-
mental studies of foam behavior during the future months.

JET IMPINGEMENT, WALL JET, AND FREE SHEAR LAYER STUDIES

Theoretical. At the beginning of the period, a study attempt-
iTog to relate compressible jet flows to incompressible ones
was under way. The approach used a general transformation
similr to that of Cole- blot reduced it to a practical form
by the uie of assumptions more closely related to the physics
of the problem than were the limiting value arguments of
Coles. Although it proved impossible to remove a degree of
arbitrariness from the transformation, the study provided
increased understanding of phenomena peculiar to both laminar
and turbulent compressible flows, particularly jets.

The coupled flow condition is now understood to involve
energy transfer to the cavity by means of both shear layer
mixing and jet impingement. Briefly, this mechanism can be
desorlie-d--hs follows. As the free stream flow leaves the
forward edge of the hole, mixing with the stagnant inner gas
starts. The mixing region grows in thickness as the flow
approaches the aft edge of the hole and, if that portion ofI tao mixing region (free shear layer5 velocity profile which
impinges on the aft edge is supersonic, a normal shock is
formed which stands off from the aft edge. In this case,
the pressure behind the shock is so high relative to the
cavity pressure, that a jet is formed which carries air of
very high stagnation enthalpy into the interior. (The
strength and direction of such a jet are, of course, de ,•nd-
ent on the relationsbA.p of hole size and aft edge wall thick-
ness.)

An analytical study of the characteriltics of free shear
flows is being conducted in order to gain some insight into
the mechanism of eneray tranbfer across the wixing region.

.The projected purpose of such an analysis is to provide an
analytical method fox, the prediction of the heat flux contri-
bution of this p.rt of the coupled flow mechanisem. Since
the total heat x.lux into the cavitl is a coibi~.'atlon of the
energy t'ansfer across the mixing region and t..at due to the
jet formed behind the normal shock standing off the downstream
edge, an estimate of the enerigy transferred by this jet re-
quires a knowledge of where the dividing streamline impinges
on the downstream edge. Thv initial. analysis, then, has been
conce~ned with the location of the dividing streamline as a
function of external flow conditions and pressure ratio. A
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linear velocity profile acrosp the mixing region was used in
the first case for incompressible flow. The validity of this
assumption was substantiated by the agreement obtained when
compared with results for more exact profiles. The analysis
was extended for the compressible case using the same assump-
tion for velocity profile. The behavior of the dividing
streamline with free stream Mach number was determined for
three enthalpy ratios across the mixing regions. These cases
covered both extremes of hot and cold air in the cavity and
an intermediate case. The analytical expression for location
of the dividing streamline will be utilized in the evaluation
of experimental results as they become available.

Th growth of th~e mixing region as a function of Mach
number and enthalpy ratio has also been under stucy. This
parameter is necessary for the estimation of that portion of
the mixing region which is supersonic at the downstream edge.
'To date, the analysis has resulted in the development of an
analytical method for estimating this growth.

SExperimental. Results of an extensive study of free Jets
Impisuing normal to surfaces of several shapes have been
discussed in previous status reports. In addition to such
results relating to stagnation region heat transfer parame-
ters, an unusual flow condition with several interesting
features has been observed. It appears that this condition
can only exist for cases in which the impinging Jet is suffi-
ciently underexpanded to require the presence of a normal
shock disk in the Jet core. When such a Jet impinges at dis-
tances downstream of this shock, the flow near the Jet axis
separates, and a vortex-ring-like bubble forms on the surface.
The stagnation point for maximu% heat transfer now becomes a
stagnation "ring" surrounding this bubble and the behavior of
the rodial flow near the surface becomes quite complex. A
composite illustration of a typical example of this phenom-
enon is shown in Figure 1. The relationship between surface
pressure distribution, surface streamline patterns (grease
streak picture), and impinging flow density gradients
(schlieren spark photograph) is quite evident. Further study
of such flows will be required, however, before they are
fully understood.

During the recent semiannual period, the normal impinge-
ment work was extended to include pressure distribution meas-1. urements on these same surfaces fcr oblique i• ingement
a:ngles, as well as the measurement of the azimuthal distribu-
tion of radial momentum in the wall Jet as it leaves the
edge of a flat plate as a function of impingement angle. Stag-
nation region heat transfer parameters deduced from some of
the -1ressure distributions indicate that although the stagna-
tion point moves slightly in an upstream direction as the im-pingement angle is decreased from 900 to about 600, the heat
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transfer falls off only slightly. Further conclusions for
smaller impingement angles will be possible after the remain-
ing data are analyzed. The azimuthal momentum distribution
measurements which are now in progress are intended to show
the mAier in Which the momentum of an impinging Jet is
distributed in the resulting wall Jet. On the basis of such
distributions, the peak heating areas on the inside walls of
a cavity should be predictable. An example of the behavior
in a typical case is shown in Figure 2. This lot shows the
radial momentum flux per unit azimuth angle (0ý as a function
of 0 for one-half of the flat plate circumference for sever-
al impingement angles a.

. study of voibsoric free shear layer phenomena was initi-
It ated Muoing the subject period in order to aid in the develop-

ment of a method for predicing energy fluxes under conditions
of coupled flow as it i8 now understood. This work is to be
continued for both subsonic and supersonic cases, and will ba
closely coordinated with the theoretical investigation des-cribed earlier.
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STATIC 8TABILITY AT V - 10

I Prepared by:
1. P. Gates
A. P. Leon"s

hD6TUC: This report presents the result. of as ime~tiga-
* ~tios la the U.S. Naval Ordsawae Laboratory's, Byperasmic Team. 1

No., 4 to obtain the pitching, yaviagj, sad ralling murnte sod
aftual sa" side force.s of the 0.3. Nmwk 3 UXIE re.4t&7 body
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DAMAE 3LCT ox Rx-Eri BODY
STATIC STABILITY AT I - 10

The Purpose of this investigation was to obtain static ata,-
bility data on the G.E. Mark 3 XXI-H re-entry body with san.-
lated damage to the noe and flared skirt in order to find the
effect *q the dwamae upon It& • aerodynamic performance and aug-
ment Qeeral Electrios analytical study. The wind tunnel
teat was performed in the U.S. Naval Ordnance Laboratory's
Hyperso•ic Tunnel No. 4 at the request of the General Electric
Company (reference (1)) for Project Defender (ARlA Order Nos
149-60) under Task Niumber SOL 669,

This researoh was supported by the Advanced Research Projects
Agyv, Ballietic Missile Defense Systems Branch, and was soni-
tored by the 9.4. Naval Rosearch Laboratory (Code 6240) under
Contraot No. 173-6162-61.

This report may include technical data or other isformation
which may be proprietary to parties other than the Goorero nt.
The trasnaission by the Department of the Navy of this docu-

. ment is not to be regarded by Implication or otherwis. as
licenstag technical data or information disclosed herein for
comercial purposes as distinguished from govermestal par-
poses, or conveying any night or permission to the recipient
or amy other person or corporation gaining &aces to this
docoumnt,

R, 2. ODENING
Captain$ 9S3
Commander

K. .. R. . . .
By direct., a
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UHTWDUCTION

'Te Hypervelocity Kill Mechanim Resse-arch Program for
ProJect Defender (ARPA Order No, 149-60) was established to
determine the aerodynamic performance of a damaged re-entry
body In comparisou to the performance of an undamaged body
(soe reference (1)). Such performance data may indicate
whether it is possible to reduce the capabilities of, or
destroy, a ro-ontry vehicle by (1) causing a change In point
of impact, (2) structural failure due to Increased aerodynamic
loads at induced trim anglesp or (3) overheating due to aI shift in the stagnation point at induced trim angles.

The G.E. Mark 3 configuration =I1-H was chosen for this
inveatigation because It is a typical ro-entry body. Damage
was simulated on the ve-entry body by modifications made to
the no" and flare sections which caused configurational asym-
metry. Static stability coefficients of pitch, yaw* and roll
were obtained from wind tunnel tests performed at a Mach num-
ber of 10 on 0.04783 scale models. These data will be used
to supplement the analytical program being conducted by the
General Electric Coupany to determine the vulnerability of
ICU' s to impact by relatively small hypervelocity partioles.

SYMBOLS

A reference area (fdo/4)
"4 C.o. center of gravity measured from the nose (2.563 in)

along the centerline of the model
C1N norml force coefficient (F/qA)

CT side force coefficient (Fy/qA)

C It rolling moment coefficient (MN/qAd)

Ca pitching moment coefficient (MY/qAd)

I Ca yawing moment coefficient (NZ/qAd)

d 0reference diameter based on the maximum flare
diameter at the base of the model (2.047 I a)

- 1 nmolmal force

iFy side forceI. 11rolling moment

1sucar? -1.
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'MY pitching moment

UZ ~yawinzg momant

q dynamic pressure
PA/ft Reynolds number per foot based on free-stream

conditions
a angle of attack

angle of sideslip In body axes
e ~angle of pitch in the vertical center plane of the

0wangle of roll (0 - 0" when modifiention In on wind-
ward side of the model at positive angle of attack)

NODWA9 TEST TKCIMQME MI DATA 3RDUCTION

The models (0.04783 scale) of the G,2, Mark 3 UMI-Ht re-entry vehicle were designed sad constructed by the Naval
Ordnance Laboratory frost drawings furni shed 'I, ths General
Zlectric Company (eo Figu-es 1-18 for drawings of the models
and modool photographs). Eleven modifications to name and flare
sectioms of the configurations were made and are designated as
1Xl.R.H..l 29 3t~ 4,5 ,7g Bep 99 10, 13 sand 14.

F Photographs of the RIOL liypersomic Tunnel No, 4 are sihown
la Figure 19. The tunnel is described in detail In reference
(2~.

The data were obtained using a five-componant water-
cooled$ internal strain gage blne(reference (35), A th~ermo-
couple war mounted on the Lalanc-e,- Insida 1he modeal, just for-
ward of the forward pitch gage to monitor the balance tempera-
ture. The test was performed x4tha less than i2*C variance from
a constant balance temperature which eliminated gage drift dur-
Ing testi.ng. Iiniudiately after each tunnel ran, the wind-off
tare readinou were taken on all balance components,

A multiplexed single-channel, high-speed data system wrox
used to record the force and moment data, This system ampli-.
*-*,d and d1igitzed the strain gage analog signals and recorded
them- on punched pape~r tage which fed 9 nto a 2Llezo,-Ater type-

t. writer.

An IBM 7CA cvmspu'er vaL- 4sed to reduce the wind tunnel,
data to aerodynamic coefficient form. The ref ereace diameter
and area used in computing tht coeffic.-e&nta are based on the
maximum flaI* diameter (2.047 in.) of the model, Corrections

2
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were made to the data for elastic deflection of the sting due
to aerodynamic loading. The aerodynamic coefficients were
referenced to the model axes system.

RESULTS

Table 1 gives the configuration and test conditions for
each wind tunnel run. CN (vormal force coefficient), CU
(pitching mment cmefficient), Cy (side force coefficient),

Cn (yawing moment coefficient), and C1 (rolling moment C*Sffi-
ci-*:) 'ire listed 4 n Table 2 as functions of a (angle of
attack) and 8' (sideslip angle In the body axis).

P, Figures 20 to 23 show the effect on static'stability in
the pitch plane of nose and flare modifications to one half of
the model. Figures 20 and 22 show the effect of graduated
modification at 0 - 0o0 and Figures 21 and 23 show the effect
of maximum modification at three roll angles (0 - 00, 45 and
90°). As might be expectedi, neither type of modification thows
much effect when the modified area is in the leo of the wind.
With modification on the windward side of the model, there Is
a losa of stability, and in the case of both maximum nose and
flare modifications, a change in trim angle. The effect of
roll angle is to diminish the effect of the modification ae 0
approaches 90.

As an example of the effectiveness of one kind of danage,
consider the 03 configuration shown on Figure 22. The model
trims at a - 8%. The modification to the flare raises the
drag coefficient by Cnsina and gives what had been a symmotri-

cal configuration a normal force coefficient of 0.125 in
trimwd flight.

3
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(1) Donas, J. J. Wind Tunnel Request 685, General ElectricS~CMnPs (1961) Confidential
(2) D&nborgp Jo Z., Jackson# A. P.# and Brovn, PO We$, "NOL

i E~YPOrSoa:Le Tunnel No, 4," HOLUR 62.-47g to be published*
SDUnal"Silted

(3) 3--&-s, lot Gilbert, B, D.# and White, C. Z, "NOL WindI •maI Inteornal Strain-Oage Balanceo 3yrtenp" NAVORD
SR~~pt 29"72 (1953) UnclasmL•ified
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TADLE 1

iODIL COIIGUM TIONS AND TEST CONDITIONS

Mach
fta Conflagration a 0 Number -q ( lO-g

1 Z1I-H-1 -12 to +19 0 10.15 1.13 0.025

2 +45
S3 " +90 -

S4 1%1-H 0 ""

5 111-R-2 Of Ofititi
6 of +45 " " "

7 +90
6 111-3-3 it ,. .

9 +43

10 .0

,•11 111-1-4 it ". "t 9.

12 * +46 "

13 +90 "' "

14 3--5 it #

15 OR +45

16 SOe 0 9I it""0

17 . " -45 " "
s18 111--14 0 0 " "

19 +45 it

20 +90 it "

21 XI-9-13 it Of i

22 O +45 it "

23 it 0 4. i

24 %1I-H-S " -90 it i

25 X%1-H-7 M 0 " i "

26 -" 45 Of "

27 ii0 ti

28 XX1-I-8 4 t " t i

29 " i +45 4 "

5
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TABLS 1 (Continued)
=DEIL CON1IGU3ATIONS A~IM T1ST CONDITIOM

Mach -
Run Coutigur'ation 6 - Number g (3.)z3LO

30 II- -8 12 to 419 +90 10,15 1.,1I3 0,025

32 +45 . 9.

36 +90

317 XXI9 -45 * 9.

IY

j 6
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TAMAE 2

TABUIhM DATA

IIT.

1. The symbols uud in the column headins ame dfiwjd on
pages I amd 2.

2. Maa are tabulated in equwco by ran n&w-bers.
3. Column headings and decimal poluts awe shown on Iun 1

of the tabulated data &Ad are thIv. same for all ruos.]
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FIG, ? G. E. MARK 3 Hn- MODEL

SECRET



SECRET

NOLTR V 84

FIG. 8 =X-H-I MODEL

SECRET



SECRET

NOLTU 61 - 84

FIG. 9 =-H-2 MODEL
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FIG. 11 -H -4 MODEL
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FIG. 12 333:- H5 MODEL
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FIG. 13 =-H-7 MODEL
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FIG. 14 331-H-e MODEL
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FIG. 15 =-H-9 MODEL
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FIG. 16 .&LL-H-IO MODEL
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FIG, IS 3=-H-14 MODEL
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